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ABSTRACT 
The increase in anthropogenic greenhouse gas emissions has led to warming of the Earth’s 
surface and changes in annual precipitation over land.  Additionally, tropospheric O3 
concentrations ([O3]) have more than doubled since the Industrial Revolution.  Tropospheric O3 
is a secondary air pollutant formed from the photochemical oxidation of methane, carbon 
monoxide and volatile organic compounds (VOCs) in the presence of nitrogen oxides (NOx).  
High temperatures, drought stress and seasonally high [O3] already challenge agricultural 
production in many of the world’s growing regions, and global climate and atmospheric change 
will exacerbate these challenges in a way that may limit the ability of the world to sustain 
adequate food production.  Current research on climate change effects on crop yield have 
focused on leaf-level processes, while less effort has been placed on understanding the response 
of reproductive organs to abiotic stress.  Therefore, the aim of this thesis research was to 
examine the physiological and genomic responses of reproductive tissues to elevated 
temperature, elevated [O3] and increased drought stress. 
In Chapter 2, the effects of elevated O3 on reproductive processes in plants were 
quantitatively assessed from peer-reviewed literature using meta-analytic techniques.  Elevated 
[O3] negatively impacted multiple stages of reproductive development, including seed and fruit 
properties, pollen germination and tube growth.  Daytime elevated [O3] between 70 to 100 ppb 
decreased plant yield by 27%.  In this analysis, elevated [O3] did not impact the number of 
flowers or inflorescences produced by the plants, suggesting elevated [O3] may elicit distinct 
responses in different reproductive tissues.  To further examine the differential effects of abiotic 
stress on reproductive tissues, transcriptomic studies were performed on the seed coat, flower 
and pod tissues of soybean (Glycine max L. Merr.). 
In Chapter 3, RNA-Seq was used to assess stress-induced changes in gene expression in the 
soybean seed coat, the structure that regulates photosynthate transport from phloem sieve tube 
into developing seeds.  Seed coats responded to drought, elevated temperature and elevated [O3] 
by increasing the transcript abundance of WRKY and MYB transcription factors, receptor-like 
kinases and genes related to protein degradation.  While there was strong overlap among stresses 
at the gene family level, each individual abiotic stress elicited a distinct transcriptomic response.  
Although all three stresses decreased photosynthetic carbon assimilation, no change in the level 
of seed coat sucrose compared to cotyledon hexose was observed.  In addition, seed coat genes 
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related to carbon and nitrogen transport increased in response to all three abiotic stress 
treatments.  These results suggest that the seed coat responded to abiotic stress in a manner 
consistent with maintaining sink strength in order to ensure proper seed development.  
Furthermore, the increase in transcript abundance of genes related to photoassimilate transport in 
the seed coat indicates a direct mechanism for maintenance of sink strength in response to 
limiting leaf carbon.  
To further explore the transcriptomic responses of soybean to abiotic stress, the flower and 
pod transcriptome were sequenced in soybeans grown at elevated [O3].  Previous work 
demonstrated that pod number, not flower number, is responsive to elevated [O3], indicating a 
differential effect of O3 on these two reproductive tissues.  Furthermore, the genomic responses 
to elevated [O3] in flowers and pods has not been explored.  This is important because these 
tissues ultimately determine the quantity and quality of future food supply.  RNA-Seq analysis 
revealed that flower and pod tissues had distinct responses to elevated [O3].  Flower tissues 
responded to elevated [O3] through increased expression of genes involved in remodeling of the 
plant extracellular matrix, while pod tissues increased expression of several receptor-like kinases 
previously shown to be involved in dehiscence of reproductive organs.  Some conserved 
transcriptional responses to elevated [O3] in vegetative and reproductive tissues included genes 
involved in post-translational modification and protein phosphorylation.  Chapter 4 characterized 
soybean flower and pod transcriptomic responses to abiotic stress for the first time, and 
identified potential genetic targets for improving soybean response to elevated [O3].   
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CHAPTER I: GENERAL INTRODUCTION 
Global climate change and its effect on soybean reproductive development 
Soybean (Glycine max L. Merr.) is one of the world’s most important protein and oil crops and 
was planted on over 75.7 million acres in the United States in 2013 (USDA NASS; 
http://www.nass.usda.gov).  Approximately 25% of Americans consume at least one soy product 
per week (Barrett, 2006).  Daily per capita soy consumption in China is 3.4 g and 8.7 g in Japan, 
both top importers of U.S. soybeans (Barrett, 2006).  The role of soybean as a protein, oil and 
meal commodity make improving the future production of this crop crucial for ensuring global 
food security. 
The United Nations has called for a 70% increase in global food production to meet the 
demand of our growing population, which is estimated to reach 9.1 billion by 2050 (WSFS, 
2009).  Future changes in the climate are expected to include altered temperature and 
precipitation patterns.  These climate changes, along with increases in peak levels of 
tropospheric ozone concentrations ([O3]) will directly affect soybean production globally.  Much 
of the current research on climate change effects on crop yield have focused on leaf-level 
processes, with less attention given to the sensitivity of reproductive organs and growth stages, 
which can directly affect crop yield, independent of leaf-level process.  Investigating the effects 
of temperature, drought and O3 on reproductive development is therefore important for a more 
robust understanding how future climate change will impact crop production. 
Current atmospheric concentrations of carbon dioxide ([CO2]) have reached levels 
unprecedented for at least the last 800,000 years (IPCC, 2013).  Additionally tropospheric [O3] 
have more than doubled since pre-industrial times (Volz & Kley, 1988).  Anthropogenic 
increases in atmospheric [CO2] and other greenhouse gases have already increased land surface 
temperature by ~1 °C since 1900, and it is projected that global mean surface temperature will 
likely increase by 2.6 to 4.8 ºC by the end of the century (Fig. 1.1a; IPCC 2013) based on the 
representative concentration pathways (RCP) scenarios for CO2 emissions that best represent 
global warming trends (RCP8.5; Peters et al., 2012; Peters et al., 2013; Global Carbon Project 
2013 (www.globalcarbonproject.org)).  In the Northern Hemisphere, temperature recorded from 
1983-2012 were likely the warmest 30-year period of the last 1400 years (IPCC, 2013).  The last 
three decades alone have warmed the Earth’s surface more than any other decade since 1850 
(IPCC, 2013).  The incidence of extreme weather events has also increased.  In Europe, Asia and 
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Australia, the frequency of heat waves has increased, and there is 99-100% probability that 
warmer and more frequent hot days and nights will occur over most land areas by the late 21st 
century (IPCC, 2013). 
Projected changes in growing season temperatures not only jeopardize reproductive 
development in crops directly experiencing unfavorable conditions, but it also affects the success 
of future growing seasons through changes in seed emergence and germination rates.  Seed 
emergence is decreased in hot, dry weather (Green et al., 1965), and high temperatures can 
decrease seedling vigor (Dornbos & Mullen, 1991) and individual seed weight (Baker et al., 
1989).  Furthermore, high day and night temperatures can reduce seed germination viability 
when they occur during seed fill and seed maturation (Gibson & Mullen, 1996).  Increased 
temperatures above a threshold also alter the timing of flowering (Balasubramanian et al., 2006), 
cause floral asynchrony (Barnabas et al., 2008), decrease fertilization due to changes in stigmatal 
receptiveness (Hedhly et al., 2005), cause deformation of floral organs (Takeoka et al., 1991; 
Morrison & Stewart, 2002), increase floral abortion (Guilioni et al., 1997), increase pollen 
abnormality (Prasad et al., 2001; Salem et al., 2007) and increase pod abscission (van Schaik & 
Probst, 1958).  Across the U.S., it has been shown that for every ~1 ºC increase in growing 
season temperature, corn and soybean production is decreased by 17% (Lobell & Asner, 2003).   
Predicted alterations in precipitation patterns, along with increased surface temperatures, may 
create a feedback for hotter, drier climate conditions.  There is evidence from the second half of 
the 20th century that anthropogenic influences have impacted precipitation and temperature 
changes in a way that caused changes in drought patterns (IPCC, 2013).  It is further predicted 
that in the late 21st century there will be an increase in intensity and/or duration of drought on a 
regional to global scale (IPCC, 2013; Fig. 1.1b).  Furthermore, the contrast between precipitation 
in wet and dry regions, as well as between wet and dry seasons, will increase.  This indicates that 
drought-like conditions in areas that already experience insufficient annual rainfall will be 
exacerbated by the end of the century. 
Growing season precipitation is a major determinant of soybean yield (Specht et al., 2001) 
and drought stress imposed on plants during reproductive development can drastically decrease 
yield.  Decreased water availability during seed fill and maturation (R5-R7) was shown to 
decrease soybean yield by 45-88% (Eck et al., 1987).  Drought accelerates the switch from 
vegetative to reproductive development (Desclaux & Roument, 1995), which can lead to a 
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decrease in leaf area production and accelerated leaf senescence (Andriana et al., 1991).  
Drought can also lead to a decrease in seed germination, quality and vigor (Dornbos et al., 1989).  
The decrease in pod number however, is the main contributor to decreased yields in soybeans 
experiencing drought (Boyer, 1983).  This decrease in pod number per plant is attributable to an 
increase in flower abortion rate (Momen et al., 1979), which is a consequence of increased 
abscisic acid (ABA) concentrations in flowers and pods (Liu et al., 2003), and an inability of 
leaves to assimilate sufficient carbon and pods to utilize incoming sucrose from source leaves 
(Liu et al., 2004).  While future climate change scenarios predict altered precipitation patterns, 
the U.S. is already experiencing record drought conditions.  In 2012, ~ 80% of agricultural land 
experienced drought conditions in the United States, which lead to the 4th most severe Palmer Z 
index score (moisture anomalies) since 1900 (NCDC NOAA, www.ncdc.noaa.gov).  Therefore, 
current and future growing season rainfall patterns stand to effect soybean reproductive 
development and therefore, endanger future soybean yields and overall food security. 
Regional increases in surface temperatures in polluted regions will also increase peak 
concentrations of tropospheric O3 (IPCC, 2013).  Tropospheric O3 is a secondary pollutant 
formed from the photochemical oxidation of methane, carbon monoxide, and volatile organic 
compounds (VOCs) in the presence of nitrogen oxides (NOx), and is it is one of the most 
damaging air pollutants to crops (Kangasjarvi et al., 2005; EPA, 2006; The Royal Society, 2008). 
Ozone is a variable air pollutant, with concentrations typically low in the night and increasing as 
solar radiation reacts with primary pollutants to form O3.  In temperature North America, [O3] 
are also higher in the summer than winter (Ainsworth et al. 2012).  Tropospheric O3 
concentrations ([O3]) have increased considerably since the Industrial Revolution due to 
increases in fossil fuel emissions, especially during the past 60 years, and are likely to continue 
to increase by 8 parts per billion (ppb) by 2100 if current high emission rates continue in the 
Northern Hemisphere (Fig. 1.1c; IPCC, 2013; The Royal Society, 2008).  Future concentrations 
of this greenhouse gas are estimated to exceed international environmental criteria for protection 
of crops, natural vegetation, and human health (Vingarzan, 2004).  While the current global 
annual mean [O3] range from ~28-45 ppb (Dentener et al., 2006), in the Midwest United States 
current summer tropospheric [O3] regularly exceed the threshold for damage to major crop plants 
(Heagle, 1989).   
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As an allotrope of oxygen, O3 rapidly reacts inside the plant to form other reactive oxygen 
species (ROS), including hydrogen peroxide, singlet oxygen, and hydroxyl radicals (Heath, 
2008; Sandermann, 2008; Fuhrer, 2009).  The effects of O3 on reproductive development vary by 
time of exposure, [O3], exposure conditions, and among cultivated species and species found 
within natural ecological communities (Black et al., 2000).  Due to the oxidative nature of O3, 
reproductive structures, namely style and stigmatal surfaces, pollen, anthers, floral sites, seeds, 
and fruits are subject to direct effects of this air pollutant (Black et al., 2000).  Elevated [O3] 
have been shown to negatively affect almost all aspects of reproductive development (Black et 
al., 2000), which has led to yield decreases in major crop plants.  Recent global economic losses 
attributed to ozone are estimated to cost from $14 billion to $26 billion (Van Dingenen et al., 
2009). 
 
Transcriptional profiling of plant responses to global change 
Plants are exposed to fluctuating environmental conditions, and the climate changes described 
above will occur within the complex environment that plants face in nature.  While there have 
been significant advances in understanding how environmental signals are perceived by plants 
and generate changes in gene expression, the vast majority of studies have been done with non-
crop model species (Seki et al., 2001; Chen et al., 2002; Kreps et al., 2002; Seki et al., 2002; 
Busch & Lohmann, 2007).  It is important however, to explore genome-wide gene expression in 
crop plants exposed to future climate change conditions in both controlled and natural 
environments in order to further understand plant responses to environmental change (Leakey et 
al. 2009b).  A number of studies have now used microarrays to examine genomic responses of 
plants to elevated CO2 concentrations (Miyazaki et al. 2004; Gupta et al. 2005; Taylor et al. 
2005; Ainsworth et al. 2006; Leakey et al. 2009c; Tallis et al. 2010), elevated [O3] (Gupta et al., 
2005; Kontunen-Soppela et al. 2010a,b; Gillespie et al. 2012) and drought stress (Le et al., 2012; 
Rengel et al. 2012).  These initial studies are beginning to reveal the mechanisms that underpin 
phenotypic changes and acclimation responses to global climate change, underscoring the need 
for transcriptional profiling of plant responses to global change.  
While initial gene expression studies relied on hybridization-based microarray technologies, 
the advent of next generation DNA sequencing technologies has allowed for analysis of RNA 
through cDNA sequencing at a large scale (RNA-seq) (Ozsolak & Milos, 2011).  The 
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development of RNA-seq technology allows for quantification of the full catalogue of diverse 
RNA molecules that are expressed across a wide range of levels (Wang et al., 2009; Ozsolak & 
Milos, 2011).  Thus, RNA-seq has great potential to be a valuable tool in understanding the 
complex molecular and genetic responses of plants to climate change.  Applying this technique 
to crop species integral to global food security is the logical next step to understand the complex 
nature of climate change effects on reproductive development, and ultimately crop yield. 
 In order to generate realistic targets for crop improvement, RNA-Seq analysis must be 
combined with growth of plants in both growth chambers and representative field settings.  This 
can be accomplished utilizing the Soybean Free Air Concentration Enrichment (SoyFACE) 
facility (http://www.igb.illinois.edu/soyface/).  At this facility, soybean plants are exposed to 
altered atmospheric and environmental conditions in a typical production field in the Midwest 
U.S. (Fig. 1.2, top panel).  Atmospheric concentrations of CO2 and O3 can be increased to mimic 
conditions predicted for the middle to end of the century (Fig. 1.2, right panel).  Furthermore, 
both drought and elevated temperature treatments can be imposed on soybeans under ambient air 
conditions (Fig. 1.2, left panel).  Much work has been done at this facility to investigate the 
effects of climate change on soybean growth utilizing physiological, molecular and biochemical 
techniques (Bernacchi et al., 2006; Leakey et al., 2009a; Gillespie et al., 2012; Betzelberger et 
al., 2012; Gray et al., 2013; Ruiz-Vera et al., 2013).  The next step in eliminating the unknown 
mechanisms by which climate change factors effect soybean growth and development is utilizing 
RNA-Seq and transcriptomic profiling in conjunction with the aforementioned techniques.  This 
will give us a more complete understanding of how to mitigate changes in soybean reproductive 
growth, development and yield under future climate change conditions. 
 
Research Objectives 
The aim of my thesis is to better understand the physiological, molecular and genetic basis for 
the effects of rising temperature, rising [O3] and drought stress on soybean reproductive 
development and ultimately yield.  This understanding holds promise to allow for mining of the 
germplasm in order to find targets of resiliency against these environmental factors.  My first 
study investigated the effects of O3 on reproductive development in plants.  While the impact of 
O3 on photosynthesis and growth has been quantitatively reviewed for both trees and crops 
(Morgan et al., 2003; Wittig et al., 2007; Ainsworth, 2008; Feng et al., 2008; Feng & Kobayashi, 
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2009; Wittig et al., 2009; Feng et al., 2010), no quantitative assessment of the impacts of O3 on 
reproductive development of plants had been done.  Therefore, in Chapter 2 I extracted data from 
all published studies of O3 impacts on reproductive development in crops and natural species and 
statistically analyzed those studies using ‘meta-analysis’ techniques (Hedges et al., 1999).  
Overall, this study provided evidence that the detrimental effects of O3 on reproductive growth 
and development are compromising current crop yields and serves as the basis for the remaining 
studies in this thesis. 
The second objective of my research was to determine the effects of drought, elevated 
temperature and elevated [O3] on gene expression in the seed coat during pod fill in soybean.  
Previous work done at SoyFACE demonstrated that elevated [O3] decreased harvest index and 
individual seed weight (Betzelberger et al., 2012).  This decrease indicates a possible shift in the 
supply of carbon and nitrogen to developing seeds, which determines overall yield.  The seed 
coat plays a large role in determining sink strength and therefore has an important role in 
determining seed size and seed composition.  Understanding how the seed coat transcriptome 
responds to abiotic stress is important to understanding yield losses in soybean.  The experiment 
presented in Chapter 3 describes a transcriptomics experiment completed at the SoyFACE 
facility in 2011 and 2012.  Soybean plants were exposed to elevated temperature, drought and 
elevated [O3] conditions and seed coat tissue was harvested for transcriptional profiling using 
RNA-Seq.  Data presented in Chapter 3 aim to understand how different abiotic stresses affect 
the source-sink relationship in soybean, determine gene expression patterns in the seed coat that 
may affect this source-sink balance, and determine if these gene expression patterns change 
under different abiotic stress conditions.  This study also serves as a methodological resource for 
bioinformatic techniques used to analyze sequencing data generated in a species such as soybean, 
which has a paleopolyploid genome.   
The final objective of my research was to understand the gene expression patterns 
underpinning flower and pod loss rates in soybean exposed to elevated [O3].  The genetic 
controls of flower and pod loss in soybean are largely unknown, and the effects of O3 on flower 
and pod loss have not been thoroughly investigated.  Preliminary work at SoyFACE showed that 
elevated [O3] did not alter the number of flowers initiated at each node, but [O3] significantly 
decreased the number of pods formed at each node and the number of seeds formed in each pod. 
Therefore, it is likely that pod loss rates were altered by elevated O3.  The aim of Chapter 4 is to 
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use next-generation sequencing to allow for better understanding of the genetic mechanisms 
controlling this response.  Soybeans were grown in ambient air (<20 ppb) and elevated O3 (150 
ppb) conditions in controlled growth chambers, and soybean flower and pod loss were 
monitored.  During both full bloom and full pod growth stages tissue was sampled for RNA 
sequencing in order to determine the significance for differential gene expression between 
elevated and ambient [O3] and the relationship between differential gene expression and pod loss 
in soybean. 
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Figure 1.1.  Future changes in surface temperature, average precipitation, and 
tropospheric [O3].  a) Projected changes in surface temperature (1986-2005 to 2081-2100) 
under RCP 2.6 (left) and RCP 8.5 (right) (IPCC, 2013).  b) Projected changes in precipitation 
(1986-2005 to 2081-2100) under RCP 2.6 (left) and RCP 8.5 (right) (IPCC, 2013).  c) Projected 
changes in maximum [O3] (ppb) by 2050 due to climate change and emissions (The Royal 
Society, 2008).   
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Figure 1.2.  The Soybean Free Air Concentration Enrichment (SoyFACE) facility located 
at the University of Illinois (http://www.igb.illinois.edu/soyface/).  Top panel: Aerial photo of 
the 32 ha SoyFACE facility, located near Champaign, IL taken in 2005.  Bottom left panel: 
drought and temperature treatments imposed on soybeans under ambient air conditions.  
Retractable awnings intercepted rainfall to reduce soil moisture and infrared heaters were used to 
warm the canopy temperatures.  Bottom right panel: elevated [O3] treatment imposed on soybean 
plants.  Photos taken by Dr. Andrew Leakey. 
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CHAPTER II: QUANTIFYING THE EFFECTS OF OZONE ON PLANT REPRODUCTIVE 
GROWTH AND DEVELOPMENT1 
 
Abstract 
Tropospheric ozone (O3) is a harmful air pollutant that can negatively impact plant growth and 
development.  Current O3 concentrations ([O3]) decrease forest productivity and crop yields and 
future [O3] will likely increase if current emission rates continue to increase.  However, the 
specific effects of elevated [O3] on reproductive development, a critical stage in the plant’s 
lifecycle, have not been quantitatively reviewed.  Data from 127 peer-reviewed articles published 
from 1968 to 2010 describing the effects of O3 on reproductive growth and development were 
analyzed using meta- analytic techniques.  Studies were categorized based on experimental 
conditions, photosynthetic type, lifecycle, growth habit and flowering class.  Current ambient 
[O3] significantly decreased seed number (-16%), fruit number (-9%) and fruit weight (-22%) 
compared to charcoal-filtered air.  In addition, pollen germination and pollen tube growth were 
decreased by elevated [O3] compared to charcoal-filtered air.  Relative to ambient air, fumigation 
with [O3] between 70 and 100 ppb decreased yield by 27% and individual seed weight by 18%. 
Reproductive development of both C3 and C4 plants was sensitive to elevated [O3], and lifecycle, 
flowering class and reproductive growth habit did not significantly affect a plant’s response to 
elevated [O3] for many components of reproductive development. However, elevated [O3] 
decreased fruit weight and fruit number significantly in indeterminate plants, and had no effect 
on these parameters in determinate plants.  While gaps in knowledge remain about the effects of 
O3 on plants with different growth habits, reproductive strategies and photosynthetic types, the 
evidence strongly suggests that detrimental effects of O3 on reproductive growth and 
development are compromising current crop yields and the fitness of native plant species. 
  
                                                          
1 This chapter appeared in its entirety in the journal of Global Change Biology and is referred to 
later in this dissertation as “Leisner & Ainsworth, 2012.” Leisner CP, Ainsworth EA (2012) 
Quantifying the effects of ozone on plant reproductive growth and development.  Global Change 
Biology 18: 606-616. This article is reprinted with the permission of the publisher and is available 
online at http://onlinelibrary.wiley.com using DOI: 10.1111/j.1365-2486.2011.02535.x 
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Introduction 
Sexual reproductive development is a critical stage in the life cycle of plants, and many different 
stages of reproductive development are sensitive to ozone (O3; Black et al., 2000).  Ozone is a 
secondary pollutant formed from the photochemical oxidation of methane, carbon monoxide, and 
volatile organic compounds (VOCs) in the presence of nitrogen oxides (NOx).  Production of O3 
is greatest during warm, sunny weather, which coincides with times of maximum plant growth 
and reproductive development (The Royal Society, 2008).  Therefore, O3 is one of the most 
damaging tropospheric air pollutants to crop production.  Concentrations of tropospheric O3 
([O3]) have increased considerably since the Industrial Revolution, especially during the past 60 
years, and are likely to continue to increase by 10 to 30 parts per billion (ppb) by 2100 if current 
high emission rates continue in the Northern Hemisphere (The Royal Society, 2008).  This 
increase is substantial, considering current tropospheric [O3] are < 40 ppb (The Royal Society, 
2008).  These future projected [O3] are estimated to exceed international environmental criteria 
for protection of crops, natural vegetation and human health (Vingarzan, 2004). 
Ozone enters plants through their stomata, which is also the site of carbon dioxide (CO2) 
uptake.  Once taken up by the plant, O3 rapidly reacts to form other reactive oxygen species 
(ROS), including hydrogen peroxide, singlet oxygen, and hydroxyl radicals (Heath, 2008; 
Sandermann, 2008; Fuhrer, 2009).  At high enough levels ROS can cause programmed cell death 
(Overmyer et al., 2003; Heath, 2008; Sandermann, 2008; Fuhrer, 2009).  An influx of ROS can 
also change the redox potential, hormone levels, and lipid peroxidation in the apoplastic and 
intercellular space within plant cells (Kangasjärvi et al., 2005).  Chronic exposure to O3 reduces 
photosynthesis and stomatal conductance in leaves, leading to reduced biomass production and 
reproductive output in crops (Morgan et al., 2003; Fiscus et al., 2005; Ainsworth, 2008; Feng et 
al., 2008; Booker et al., 2009; Feng & Kobayashi, 2009; Feng et al., 2010).  It remains unclear 
however, what proportion of the decrease in reproductive output is caused by direct damage to 
reproductive processes such as flower initiation, pollen and ovary development, and seed 
abortion, as opposed to damage to vegetative tissues that subsequently reduces assimilate 
availability to reproductive development.  Davison & Barnes (1998) observed contrasting effects 
on resource allocation to the vegetative and reproductive organs of different species following 
daily exposure to 70 ppb O3; allocation to the reproductive organs was reduced in Chenopodium 
album and Matricaria discoidea, but was increased in Papaver dubium and Trifolium arvense.  
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Additionally, Okano et al. (1984) found a greater proportion of assimilates were partitioned to 
the growing leaves of Phaseolus vulgaris, away from the roots and stem after O3 exposure.  The 
reallocation of assimilates away from damaged tissues can also occur after O3 exposure (Bouttier 
& Morgan, 1992). 
Ozone can also directly affect reproductive structures, namely stylar and stigmatal surfaces, 
pollen, anthers, floral sites, seeds and fruits (Black et al., 2000).  Ozone entry into the apoplastic 
space of leaves or reproductive structures leads to ROS production, which can lead to changes in 
the stigmatal surface and cell membranes (Feder & Shrier, 1990).  The ROS also affect the 
ability of pollen to germinate on the stigmatal surface and/or of pollen tube growth (Mumford et 
al., 1972; Harrison & Feder, 1974; Krause et al., 1975; Feder, 1981; Feder et al., 1982; Benoit et 
al., 1983; Hormaza et al., 1996).  Moreover, ROS-mediated changes in the cellular redox 
environment can potentially lead to changes in pollen tube growth and guidance, which is critical 
for fertilization of the embryo.  All of these influences of O3 on reproductive growth and 
development can potentially affect downstream processes which ultimately control development 
of viable seeds. 
The effect of O3 on plant reproductive development was reviewed more than a decade ago 
(Black et al., 2000), but recent quantitative assessments have focused on the influence of O3 on 
vegetative growth and development or crop yield (Morgan et al., 2003; Ainsworth, 2008; Feng et 
al., 2008; Wittig et al., 2009; Feng & Kobayashi, 2009; Feng et al., 2010).  The complex nature 
of the effects of O3 on vegetative and reproductive structures, the range of compensatory 
mechanisms available to plants with different reproductive growth habits, the dependence of 
plant developmental stage on the level of sensitivity, and the consequences of additional 
environmental stresses make it difficult to generalize the effects of O3 on reproductive 
development (Black et al., 2000).  Yet, understanding the effects of O3 on reproductive 
development has significant agronomic as well as ecological impacts, including securing future 
food resources and ensuring the fecundity and species composition of native flora.  Therefore, 
meta-analysis was used to specifically test the following predictions: (1) a moderate increase in 
[O3] is sufficient to cause a decrease in plant reproductive growth parameters, with increasing 
[O3] causing more severe effects on reproductive growth; (2) plants experiencing elevated [O3] 
plus additional abiotic stresses will not experience a larger decrease in reproductive growth when 
compared to plants exposed to elevated [O3] alone; (3) C4 plants will be less sensitive to elevated 
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[O3] due to a proportional decrease in photosynthesis and stomatal conductance leading to 
decreased O3 uptake and (4) determinate plants with less flexibility in flowering will have a 
limited compensatory response for loss of reproductive sites, making them more sensitive to 
elevated [O3] than indeterminate plants. 
 
Materials and Methods 
A search for all relevant peer-reviewed journal articles was made with ISI Web of Knowledge 
(Thomson ISI, Philadelphia, PA, USA).  All articles of plant responses to elevated O3 that 
reported changes in any of the reproductive response variables listed in Table 2.1 were included.  
Two databases were developed: one with charcoal-filtered air (CF) as a control (8.0 ppb on 
average for all of the studies) and one with ambient air (A) as a control (33.0 ppb on average for 
all the studies).  The database with CF as a control provides estimates of how current and future 
[O3] alter reproductive development of plants relative to pre-industrial times when [O3] were less 
than ~10 ppb (Volz & Kley, 1988).  The database with A as a control provides an estimate of 
how future [O3] will alter reproductive growth and development relative to today (Wittig et al., 
2009).  A total of 127 peer-reviewed articles published from 1968 to 2010 were included in the 
analysis (Appendix A).  Mean values (𝑋�A, 𝑋�CF and 𝑋�E), standard deviations (SA, SCF and SE) and 
replication number (NA, NCF and NE) for response variables from charcoal-filtered air, ambient 
air, and elevated [O3] treatments (E) were taken from tables, figures and text.  Data was extracted 
from digitized graphs using digitizing software (GRAFULA 3 v.2.10, Wesik SoftHaus, St. 
Petersburg, Russian Federation). 
 To determine if experimental conditions and intrinsic plant properties altered the response of 
reproductive growth parameters to elevated [O3], studies were grouped into the following 
categorical variables: experimental [O3] concentration (<40, 40-70, 70-100, >100 ppb), lifecycle 
(annual or perennial), additional stress (water stress, air pollution, salt (NaCl), or UVB, vs. no 
stress), photosynthetic type (C3 or C4), flowering class (monocot, dicot) and reproductive growth 
habit (indeterminate, determinate).  While the average ambient [O3] for all the studies was 33 
ppb (based on 4, 7, 8 or 12 daytime hour means reported in the studies), there was a wide range 
among studies, from 15 ppb to 79 ppb.  Therefore, in some studies the elevated [O3] treatment 
was less than 40 ppb. 
 The meta-analysis was done following the methods of Morgan et al. (2003).  A mixed effects 
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model was used for the analysis, and the log response ratio (Adams et al., 1997; Gurevitch & 
Hedges, 1999) was calculated to estimate the effect of O3 on reproductive growth using meta-
analytical software (METAWIN 2.1.3.4, Sinauer Associates, Inc., Sunderland, MA).  The 
response was reported as the percentage change from the control.  If the elevated [O3] response 
was the same as the control group, then the percentage change from control is 0.  A positive 
percentage change indicated an increase in the response variable under elevated [O3], while a 
negative percentage change indicated a decrease in the response variable under elevated [O3]. 
 Many of the studies did not report information on the sample variance, or enough 
information for the variance to be calculated (SD or SE, replicate size, or mean square error).  
Therefore, an unweighted analysis was performed and the 95% bootstrap confidence interval 
(CI) was reported (Adams et al., 1997; Gurevitch & Hedges, 1999; Rosenberg et al., 2000).  A 
total of 9999 iterations were run to obtain the 95% bootstrap confidence intervals.  Estimates for 
the effect size were considered significant if the 95% bootstrap CI did not span zero and 
categorical response variables were considered significantly different from one another if their 
respective 95% bootstrap CIs did not overlap (Curtis & Wang, 1998). 
 
Results 
Effect of ozone on reproductive biomass and flowering structures compared to charcoal-filtered 
air 
To understand how reproductive growth and development are affected by current and elevated 
[O3] relative to pre-industrial times, parameters were analyzed with charcoal-filtered air as the 
control.  Elevated [O3] had a negative effect on most reproductive yield parameters when 
compared to plants grown in charcoal-filtered air (Fig. 2.1; Table 2.2).  Total seed number, seed 
weight per plant and individual seed weight were significantly decreased, as were fruit number 
and fruit weight (Fig. 2.1).  Consequently, yield (grain or seed yield per unit area) was decreased 
by 19% at an average [O3] of 60 ppb (Fig. 2.1).  Pollen germination was decreased by 30% under 
elevated [O3], as pollen tube length was decreased by 54% under elevated [O3].  Most of the 
studies included in this analysis however, were done at an extremely high [O3] (409 ppb on 
average for pollen germination and 339 ppb on average for pollen tube length) well beyond what 
might be expected in the future due to climate change.   
In contrast, elevated [O3] did not significantly alter inflorescence number, flower weight, or 
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flower number, seeds per fruiting structure or harvest index (Fig. 2.1).  These average responses 
suggest that elevated [O3] has less effect on floral initiation and development than on fruit and 
seed production and growth.  However, the average [O3] for different reproductive variables 
ranged from 43 ppb to >400 ppb (Fig. 2.1); therefore, studies were subdivided into discreet [O3] 
groups and then re-analyzed. 
 
The effects of increasing ozone concentration on reproductive growth and development 
compared to charcoal-filtered air 
The effect of [O3] on reproductive growth and development was assessed independently of 
changes in stress (i.e., studies with additional abiotic stresses were removed from the analysis of 
different O3 concentrations).  Even under conditions of [O3] < 40 ppb, which is approximately 
equal to current tropospheric [O3] (The Royal Society, 2008), growth at elevated [O3] 
significantly decreased seed number (-9%), individual seed weight (-4%), fruit number (-8%) 
and fruit weight (-16%; Fig. 2.2).  While some traits, including yield, total seed number, fruit 
number and fruit weight showed an increasingly negative response with increasing [O3] (Fig. 
2.2), the same significant decrease with increasing [O3] was not observed in other traits, such as 
seed weight per plant, or seeds per fruiting structure.  All these variables decreased by 
approximately the same amount regardless of [O3].  The lack of the expected trend may be 
caused by the diversity of species included in the analyses, including trees, legumes and grasses, 
and the fact that every species or functional group was not equally represented in each [O3] 
category.  Interestingly, inflorescence number increased under elevated [O3] at concentrations > 
100 ppb (+28%); however, this result comes from a single study of three rice cultivars (Kats et 
al., 1985).  Pollen germination was most affected by elevated O3, decreasing by 54% at the 
concentrations greater than 100 ppb (Fig. 2.2). 
 
Effect of ozone on reproductive biomass allocation and flowering structures compared to 
ambient air 
When compared to ambient air, elevated [O3] had a detrimental effect on all reproductive 
response variables (Fig. 2.3; Table 2.3).  Individual seed weight, seed weight per plant, total seed 
number, seeds per fruiting structure and harvest index were all significantly decreased by 
elevated [O3], which coincided with a 25% decrease in yield (Fig. 2.3).  In addition, fruit weight 
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and fruit number were both significantly decreased by elevated [O3].  Fruit weight was decreased 
as much as 51% when compared to ambient air (Fig. 2.3). 
 
The effects of increasing ozone concentration on reproductive growth and development 
compared to ambient air 
In comparison to ambient air, increasing concentrations of O3 had a deteriorating effect on most 
reproductive parameters (Fig. 2.4).  Seeds per fruiting structure and individual seed weight were 
significantly decreased by O3 at concentrations below 40 ppb.  Yield decreases grew from 13% 
at [O3] of 40-70 ppb to 29% at 70-100 ppb and 52% at [O3] > 100 ppb (Fig. 2.4).  Fruit number 
and fruit weight were particularly sensitive to high [O3].  The highest ozone concentrations 
(>100 ppb) caused a 56% decrease in fruit number and a 68% decrease in fruit weight.  In 
contrast to fruit and seed parameters, flower number showed the opposite trend with increasing 
[O3].  Flower number was significantly lower at [O3] <40 ppb, but there was no significant effect 
of O3 on flower number at higher concentrations (>40 ppb; Fig. 2.4). 
 
The effect of photosynthetic type on reproductive growth and development 
The effect of [O3] was compared across C3 and C4 photosynthetic types for variables in which 
there were enough degrees of freedom for comparison (Fig. 2.5).  The C4 studies were all done at 
elevated [O3] between 73 and 156 ppb; therefore, only C3 studies done at concentrations >70 ppb 
were included in the comparison.  The results indicate that yield, seeds per fruiting structure and 
individual seed weight of C4 plants are equally sensitive to elevated [O3] as those variables in C3 
plants (Fig. 2.5).  Fruit weight was the only variable to show a significant difference and was 
decreased by 60% for C3 plants and only 24% for C4 plants (Fig. 2.5). 
 
The interaction of O3 with abiotic stress 
The studies were also categorized based on the addition of a stress treatment.  The addition of 
another stress treatment in combination with elevated [O3] did not alter the effect of ozone on the 
response variables, except for seeds per fruiting structure (Table 2.4).  In this case, elevated [O3] 
caused a 10% decrease in seeds per fruiting structure in the absence of additional stress, but no 
change in the presence of additional stress (Table 2.4). 
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The effect of lifecycle, flowering class and reproductive growth habit on reproductive growth 
and development 
Studies were also analyzed across the three categorical variables of lifecycle, flowering class, 
and reproductive growth habit.  Each categorical variable had two class variables: annual or 
perennial for lifecycle, monocot or dicot for flowering class, and determinate or indeterminate 
for reproductive growth habit.  With the exception of fruit weight and individual seed weight, 
there were no significant changes in annual or perennial plants under elevated [O3] treatment 
(Table 2.4).  For fruit weight, there was a 5% decrease under elevated [O3] for perennial plants 
and a 57% decrease for annual plants. 
 For a few response variables (e.g., harvest index, total seed number, flower number, and seed 
weight per plant), there was a trend of dicots being more sensitive than monocots (Table 2.4).  
Fruit weight was the only variable with a significant difference between monocots and dicots.  
Dicots had a 57% decrease in fruit weight when grown at elevated [O3] while monocots had a 
21% decrease, but this comparison may have been confounded by the percentage of C4 
monocots.  In addition, there were few significant effects of reproductive growth habit on the O3 
response (Table 2.4).  A notable exception was with fruit weight and fruit number.  Fruit weight 
decreased by 54% in indeterminate plants, but did not significantly change in determinate plants, 
while fruit number decreased by 45% in indeterminate plants, but did not significantly change in 
determinate plants (Table 2.4). 
 
Discussion 
Ozone impairs reproductive development 
This analysis showed that both current and future [O3] negatively affect reproductive growth and 
development in plants.  This supports the first hypothesis that a moderate increase in [O3] is 
sufficient to cause a decrease in plant reproductive growth parameters, with increasing [O3] 
causing more severe effects on many reproductive growth parameters (Black et al., 2000; 
Morgan et al., 2003).  Previous meta-analyses and reviews have established that current 
concentrations of O3 decrease photosynthetic carbon gain, biomass accumulation, crop yield and 
forest productivity (Cooley & Manning, 1987; Heagle, 1989; Morgan et al., 2003; Ashmore, 
2005; Fiscus et al., 2005; Booker et al., 2009; Wittig et al., 2009).  Our results add to these 
findings by quantitatively evaluating the effects of O3 on reproductive traits.   
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A notable finding in this analysis was that flower and inflorescence number were affected 
differently than other parameters.  Compared to a background of charcoal filtered air, there was a 
trend towards increasing flower number and flower weight at elevated [O3] (Fig 2.1), and 
compared to ambient air, the negative effect of O3 on flower number was reduced by increasing 
concentrations of [O3] (Fig. 2.4).  Accelerating vegetative development and increasing 
reproductive output is general feature of maintaining fitness in response to stress (Bazzaz et al., 
1987) and compensatory responses have been documented in Brassica species exposed to 
elevated [O3] (Bosac et al., 1994; Black et al., 2000, Black et al., 2007).  However, when 
generalizing across species and conditions, even when plants maintained or increased flower 
number at elevated [O3], they were unable to compensate for decreased fruit and seed size, and 
yield reductions were greater at higher [O3].  
The potential for ozone to directly impact reproductive structures may in part result from 
direct uptake of ozone through stomata on petals or sepals.  Floral stomata are located mainly on 
the surface of the outer sepals of the mature flower (Smyth et al., 1990).  Stomata located on 
floral organs are capable of taking up significant amounts of CO2.  In some species, floral organs 
can fix up to 60% of the carbon needed to support these tissues (Aschan & Pfanz 2003).  Little is 
known however, about the direct uptake of O3 through stomata on floral organs.  Work done on 
strawberry (Fragaria x ananassa Duch.) found that reduced photosynthetic electron transfer in 
photosystem II (Fv/Fm) occurred in the sepals under elevated [O3] (Keutgen & Pawelzik 2008), 
but no further work has been done investigating direct O3 uptake by sepals or other floral organs.  
Exposure of flowers to elevated [O3] can lead to increased flower abortion (Feder, 1970; Black et 
al., 1993; Fernandez-Bayon et al., 1993; Findley et al., 1997), which can negatively affect seed 
set, fruit number and fruit weight, even in the absence of visible foliar injury (Black et al., 2000).  
Our meta-analysis and other literature suggests that an increase in flower abortion at elevated 
[O3] may be dose-dependent and/or species-dependent.  For example, flower number was 
decreased in carnation (Feder & Campbell, 1968; Feder, 1970), Lemna perpusilla (Feder & 
Sullivan, 1969), B. napus (Black et al., 1993), Citrillus lanatus and Cucumis melo (Fernandez-
Bayon et al., 1993) under elevated [O3], while studies done on Lycopersicon esculentum (Oshima 
et al., 1975), Plantago major (Reiling & Davison, 1992), Phaseolus vulgaris (Kohut et al., 1988) 
and Prunus salicina (Retzlaff et al., 1997) all reported an increase in flower number under 
elevated [O3].  Certainly more studies of the effects of elevated [O3] on flower initiation and 
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abortion are needed to understand the mechanisms by which O3 alters flower development. 
While O3 can have direct effects on reproductive structures, it can also affect carbon uptake 
and allocation through exposure of vegetative structures.  Ozone taken up by leaves and other 
photosynthetic tissue has the potential to negatively affect carbon allocation to seeds and fruits, 
which will in turn, have negative consequences for yield.  Studies investigating the response of 
carbon allocation to elevated [O3] have reported variable results.  Yamaguchi et al. (2008) found 
that when two Japanese rice cultivars were exposed to 60 and 100 ppb [O3], reductions in yield 
were mainly caused by decreases in biomass during vegetative growth and decreased biomass 
allocation to the panicle during reproductive growth.  Conversely, Nouchi et al. (1995) found 
that rice exposed to elevated [O3] (50-100 ppb) increased carbon allocation to panicles and roots.  
Drogoudi & Ashmore (2002) found no substantial changes in allocation to fruiting structures in 
Fragaria x ananassa under elevated [O3], but found increased allocation to the petioles of source 
leaves in deblossomed plants.  Therefore, there is significant variability among species and 
potentially genotypes within a species in changes to allocation caused by elevated [O3]. 
 
Reproductive development in C4 plants is sensitive to O3 
Relatively few studies have investigated the effects of elevated [O3] on reproductive 
development in C4 plants.  Still, from the studies analyzed here, reproductive development in C4 
plants appears to be just as sensitive to elevated [O3] as reproductive development in C3 plants 
(Fig. 2.5).  C4 plants have the ability to concentrate CO2 around Rubisco, which enables them to 
limit their water loss through decreased stomatal conductance (Sage 1999).  It has been 
hypothesized that plants with higher stomatal conductance will have a more negative growth 
response under elevated [O3] than plants with intrinsically lower rates of conductance (Reich & 
Amundson, 1985; Reich, 1987; Darrall, 1989; Volin et al., 1998).  Furthermore, it has been 
observed in some C3 plants that O3 flux to the plasmalemma is controlled exclusively by the 
stomata, not cell wall antioxidants (Kollist et al., 2000).  In other C3 species, stomatal control of 
O3 flux is estimated to be closer to 60% (Eller & Sparks, 2006).  Despite potential differences in 
stomatal uptake of ozone in C3 and C4 plants, there were few significant differences in any of the 
reproductive response variables when photosynthetic type was compared, with the exception of 
fruit weight (Fig. 2.5).  It should be noted Zea mays was the only C4 species included in this 
meta-analysis.  In addition, there was only one study that included a comparative investigation 
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on the effects of C3 and C4 species under elevated [O3] (Rudorff et al., 1996).  This study found a 
9% decrease in maize yield which was attributed to the impact of elevated [O3] during flowering.  
These findings were also supported by Mumford et al. (1972), who found that pollen germination 
in corn was decreased by 40-90% under elevated [O3].   
While tentative conclusions can be drawn from the C3 vs. C4 comparison, the most important 
point is that there is little information about the effects of elevated [O3] on reproductive 
development in C4 plants.  Recent studies have investigated the effects of O3 on C4 
photosynthesis, focusing on the C4 photosynthetic enzymes (Leitao et al., 2007a,b), but questions 
still remain about how O3 affects carbon allocation (but see Grantz et al., 2010), carbon use 
through catabolic pathways, and O3 uptake by C4 plants.  While corn is a major C4 crop, 
sorghum, millet and sugar cane are also major C4 food crops and many emerging biofuel crops 
are C4 (Leakey, 2009).  In addition to crop species, C4 plant species have intrinsic importance in 
their natural communities.  Therefore, more research is needed to understand the effects of O3 on 
C4 plants, in both natural communities and agricultural systems. 
 
Flowering class, lifecycle and reproductive growth habit do not affect plant responses to [O3] 
Interestingly, there were no significant differences across lifecycle, flowering class and 
reproductive growth habit under elevated [O3], with the exception of fruit number and fruit 
weight (Table 2.4).  It is important to note that due to different reproductive strategies, different 
measures of fitness for plants with different lifecycles might be needed in order to properly 
assess the effects of elevated [O3].  A decrease in seed weight might have more negative 
consequences for an annual plant than for a perennial plant, which will survive many generations 
(Davison & Barnes, 1998).  In addition, carbon allocation differences based on lifecycle 
(Mooney, 1972) could be an underlying feature that offsets changes from elevated [O3].  
Moreover, fruits of perennial plants can be exposed over more growing seasons and may 
development more tolerance to elevated [O3] than fruits of annual plants (Davison & Barnes, 
1998). 
 The morphological differences between monocot and dicot plants did not significantly affect 
the response of these plants to elevated [O3] (Table 2.4), however, the trend in the data for seed 
weight per plant, total seed number, flower number and harvest index supported previous 
assertions that monocots are less sensitive to ozone that dicots  (Heagle, 1989).  The dicot plants 
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available for this analysis were predominately legumes, which have a small, fixed number of 
high carbon and nitrogen seeds (Dure, 1975; Weber et al., 2005).  This makes the cost of not 
filling these seeds higher and can lead to a larger decrease in overall yield at the end of the 
growing season.  More studies on non-legumous dicots are needed to fully understand any 
potential differences between dicots and monocots. 
Finally, reproductive growth habit did not appear to be a significant factor in determining a 
plants response to elevated [O3] for many traits, with the exception of fruit number and fruit 
weight (Table 2.4).  Determinate plants produce only a set number of flowers and/or floral 
initials in their inflorescences, which was hypothesized to limit compensation during 
reproductive development for O3-induced loss of reproductive sites, or failure/inhibition of 
pollination and syngamy (Black et al., 2000).  Indeterminate plants do not produce a set number 
of flower and/or floral initiations in there inflorescences, which could lead to an increased 
capacity to compensate for seed loss in stressful environments.  For example, it has also been 
shown that the indeterminate plant Brassica napus compensated for potential O3-induced seed 
loss by producing more fertile sites on additional branches (Bosac et al., 1994).  Yet, other 
studies have also demonstrated the compensatory ability of determinant plants in response to 
elevated [O3].  For example, the determinate Plantago major was able to overcompensate for 9 
days of O3 exposure and increase seed weight by 19% (Black et al., 2010).  However, this was 
population dependent, and sensitive P. major populations reduced seed weight by 21% (Black et 
al., 2010).  In this meta-analysis, fruit weight and fruit number were the only variables that were 
significantly different in determinate and indeterminate plants (Table 2.4).  Fruit weight was 
decreased by 54% in indeterminate plants exposed to elevated [O3], whereas it was not affected 
in determinate plants.  It is possible that the indeterminate plants continued to produce floral sites 
despite increasing O3 stress, and then competition for assimilate reduced the plant’s ability to fill 
the developing fruit.  Flower number was reduced by 29% in determinate plants and only by 
15% in indeterminate plants, which supports this hypothesis; however, these differences were not 
statistically significant.  It seems apparent that reproductive growth habit is not the sole factor 
involved in determining O3 tolerance (Pleijel et al., 1994; Mulholland et al., 1997).  Other 
important factors to consider may be the length of the reproductive phase and anatomical 
differences in reproductive structures (Black et al., 2000). 
Gaps in our knowledge and conclusions 
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Overall, this meta-analysis provided a quantitative and comprehensive assessment of the 
literature describing the effects of elevated [O3] on reproductive growth and development.  
Elevated [O3] negatively affected almost all of the response variables studied, mirroring the 
detrimental effects of O3 on vegetative growth and development (Morgan et al., 2003; Fiscus et 
al., 2005; Ainsworth, 2008; Feng et al., 2008; Booker et al., 2009; Feng & Kobayashi, 2009; 
Feng et al., 2010).  This study also identified significant gaps in our knowledge.  Namely, little is 
known about changes in carbon allocation to fruiting and flowering structures under elevated 
[O3], nor is there much information on changes in assimilate partitioning in maternal 
reproductive structures under elevated [O3], or the mechanisms by which this occurs (for 
vegetative carbon allocation see Grantz & Farrar, 1999; Ashmore, 2005; Fiscus et al., 2005; 
Grantz et al., 2006; Grantz et al., 2010).  This is compounded by the fact that little is known 
about the effects of direct O3 uptake in non-vegetative structures.  There also is limited 
information available to meaningfully compare the O3 responses of C3 and C4 species, or species 
with different growth habits and reproductive strategies.  This study was also unable to quantify 
the interaction of nitrogen and elevated [O3] on reproductive growth, since few studies were 
found that addressed this question (except see Mocker et al., 1996).  Furthermore, a limited set of 
studies have differentially exposed vegetative and reproductive structures to elevated [O3] (see 
Bosac, 1992; Bosac et al., 1993; Bosac et al., 1994; Stewart et al., 1996; Bosac et al., 1998; 
Black et al., 2010).  Such studies are critical to understanding the compound effects that O3 can 
have on complex traits such as seed weight and yield. 
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TABLES AND FIGURES 
 
Table 2.1. Response variable descriptions. List and definitions of response variables analyzed 
in the meta-analysis. 
 
Variable Abbreviation Variable Name Description 
Biomass Accumulation   
SW Individual seed weight Weight of individual mature ovule at final 
harvest 
WP Seed weight per plant Total seed weight per plant at final harvest 
SN Total seed number Total number of mature ovules at final 
harvest 
SF Seeds per fruiting structure Total number of seeds per fruiting structure 
(mature ovary) at final harvest 
FW Fruit weight Weight of mature ovary at final harvest 
FN Fruit number Number of mature ovaries at final harvest 
HI Harvest index Ratio of seed weight to total aboveground 
biomass 
Y Yield Grain or seed yield per unit area 
Pollen   
PG Pollen germination Percentage of pollen germination 
PT Pollen tube length Length of pollen tube 
Flowering Structures   
FLW Flower weight Total weight of individual flower at maturity 
FLN Flower number Total number of flowers at maturity 
IFN Inflorecence number Total number of inflorescences per unit 
reproductive structure 
IFW Inflorescence weight Total weight of inflorescences per unit 
reproductive structure 
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Table 2.2.  Results of the meta-analysis of the effects of ozone on reproductive development 
with charcoal-filtered as the control.  Main effects of the response variable are in bold, along 
with the degrees of freedom (df) and the number of species for each comparison.  The upper and 
lower 95% confidence intervals (CI) are also included. 
 
Variable Category Level df 
Number 
of 
Species 
Effect 
Size (%) 
Lower 
CI 
Upper 
CI 
Pollen Germination 
(PG) 
  45 11 -30.5 -43.8 -18.5 
 O3 Exposure Level 70-100 ppb 6 3 -28.5 -40.0 -10.6 
  >100 ppb 37 8 -31.5 -47.0 -17.6 
   
     
Pollen Tube (PT)   24 9 -54.4 -64.5 -42.7 
        
Seed Weight (SW)   296 16 -10.5 -13.0 -7.9 
 O3 Exposure Level <40 ppb 73 7 -4.1 -7.2 -0.9 
  40-70 ppb 120 12 -10.4 -14.4 -5.4 
  70-100 ppb 65 10 -17.4 -21.4 -13.3 
  >100ppb 35 7 -11.4 -20.2 2.0 
   
     
Seed Weight per 
Plant (WP) 
  111 9 -17.6 -22.7 -12.9 
 O3 Exposure Level <40 ppb 23 5 -4.0 -11.7 3.2 
  40-70 ppb 48 7 -23.6 -32.5 -15.8 
  70-100 ppb 20 6 -22.7 -29.7 -15.9 
  >100 ppb 17 5 -11.3 -19.8 -1.6 
        
Total Seed Number 
(SN) 
  96 8 -13.0 -16.4 -9.5 
 O3 Exposure Level <40 ppb 19 4 -9.4 -17.3 -1.4 
  40-70 ppb 48 8 -15.6 -20.4 -10.9 
  70-100 ppb 14 5 -17.1 -23.4 -11.1 
  >100 ppb 12 3 -3.0 -12.2 8.1 
   
     
Seeds per Fruiting 
Structure (SF) 
  79 9 -3.0 -6.8 1.1 
 O3 Exposure Level <40 ppb 12 4 -4.3 -11.3 1.0 
  40-70 ppb 24 8 -5.6 -13.4 -0.8 
  70-100 ppb 21 5 -1.1 -10.4 8.0 
  >100 ppb 19 4 -0.7 -9.9 9.2 
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Table 2.2 (cont.) 
 
Variable Category Level df 
Number 
of 
Species 
Effect 
Size (%) 
Lower 
CI 
Upper 
CI 
Fruit Weight (FW)   14
2 14 -23.7 -29.0 -18.7 
 O3 Exposure Level <40 ppb 35 6 -15.8 -29.6 -3.9 
  40-70 ppb 19 10 -19.7 -24.1 -15.5 
  70-100 ppb 55 9 -34.5 -45.2 -23.9 
  >100 ppb 30 7 -29.3 -44.3 -13.1 
   
     
Fruit Number (FN)   17
0 16 -11.5 -14.6 -8.3 
 O3 Exposure Level <40 ppb 32 6 -7.7 -12.2 -3.2 
  40-70 ppb 64 11 -11.2 -15.0 -7.5 
  70-100 ppb 39 10 -17.9 -25.0 -11.3 
  >100 ppb 32 10 -7.4 -17.0 4.7 
   
     
Harvest Index (HI)   59 7 -7.3 -17.2 1.5 
 O3 Exposure Level <40 ppb 26 4 -2.3 -22.5 16.8 
  40-70 ppb 13 3 -4.9 -7.1 -2.9 
  70-100 ppb 12 4 -21.2 -33.2 -10.3 
  >100 ppb 5 1 -18.5 -32.7 -2.5 
   
     
Yield (Y)   11
2 9 -18.6 -24.7 -12.2 
 O3 Exposure Level <40 ppb 26 4 -2.6 -8.3 3.7 
  40-70 ppb 55 4 -9.4 -15.6 0.1 
  70-100 ppb 29 5 -44.5 -54.7 -34.9 
   
     
Flower Weight (FLW)   28 3 19.2 -30.0 125.8 
 O3 Exposure Level <40 ppb 11 1 -15.5 -28.9 -1.3 
  40-70 ppb 16 3 52.0 -39.1 350.3 
   
     
Flower Number (FLN)   30 13 55.7 -3.7 176.3 
 O3 Exposure Level 40-70 ppb 21 8 94.4 2.1 322.8 
  70-100 ppb 6 6 -23.1 -33.5 -12.0 
   
     
Inflorescence Number 
(IFN) 
  21 4 5.4 -3.1 13.7 
 O3 Exposure Level 40-70 ppb 6 2 -2.4 -6.5 1.9 
  70-100 ppb 7 3 -4.2 -19.3 10.1 
  >100 ppb 5 1 27.9 20.6 35.3 
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Table 2.3.  Results of the meta-analysis of the effects of ozone on reproductive development 
with ambient air as the control.  Main effects of the response variable are in bold, along with 
the degrees of freedom (df) and the number of species for each comparison.  The upper and 
lower 95% confidence intervals (CI) are also included. 
 
Variable Category Level df 
Number 
of 
Species 
Effect 
Size (%) 
Lower 
CI 
Upper 
CI 
Seed Weight (SW)   
15
8 8 -16.1 -18.7 -13.7 
 O3 Exposure Level <40 ppb 13 2 -12.1 -19.0 -6.0 
  40-70 ppb 64 6 -10.0 -13.3 -6.6 
  70-100 ppb 62 5 -20.2 -24.2 -16.3 
  >100 ppb 16 4 -26.3 -31.9 -20.0 
 Photosynthetic Type C3 73 7 -21.2 -24.9 -17.7 
  C4 5 1 -26.0 -35.0 -16.5 
        
Seed Weight per 
Plant (WP)   68 5 -11.5 -16.7 -6.1 
 O3 Exposure Level <40 ppb 9 3 -11.0 -27.4 6.5 
  40-70 ppb 24 5 -4.0 -12.6 4.4 
  70-100 ppb 20 5 -12.1 -21.0 -3.3 
  >100 ppb 12 4 -24.0 -29.2 -19.2 
        
Total Seed 
Number (SN)   21 2 -9.2 -12.2 -6.1 
 O3 Exposure Level 40-70 ppb 12 2 -6.6 -10.6 -2.4 
  70-100 ppb 7 2 -12.1 -15.8 -8.4 
        
 
Seeds per Fruiting 
Structure (SF)   
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4 -8.2 -12.6 -4.4 
 O3 Exposure Level <40 ppb 6 2 -7.0 -14.0 -1.1 
  40-70 ppb 4 2 -0.3 -4.3 5.5 
  70-100 ppb 12 3 -4.3 -5.8 -2.7 
  >100 ppb 4 2 -25.8 -33.9 -16.6 
 Photosynthetic Type C3 9 3 -6.2 -11.0 -2.7 
  C4 7 1 -16.2 -26.1 -6.5 
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Table 2.3 (cont.) 
 
Variable Category Level df 
Number 
of 
Species 
Effect 
Size (%) 
Lower 
CI 
Upper 
CI 
Fruit Weight (FW)   38 9 -50.9 -66.1 -31.7 
 O3 Exposure Level 40-70 ppb 2 3 -10.1 -19.1 -0.5 
  70-100 ppb 22 7 -41.7 -63.5 -13.6 
  >100 ppb 12 3 -68.2 -83.7 -43.1 
 Photosynthetic Type C3 27 8 -59.5 -74.8 -37.1 
  C4 7 1 -23.6 -35.9 -10.6 
 
Fruit Number (FN)   51 6 -34.5 -49.7 -17.2 
 O3 Exposure Level <40 ppb 5 1 -2.8 -14.1 11.1 
  40-70 ppb 7 2 -18.3 -29.3 -6.0 
  70-100 ppb 24 6 -32.2 -55.3 -0.8 
  >100 ppb 12 2 -55.5 -76.3 -24.2 
        
Harvest Index (HI)   39 5 -10.3 -13.9 -6.9 
 O3 Exposure Level <40 ppb 5 1 -3.8 -11.2 1.4 
  40-70 ppb 22 3 -7.4 -9.4 -5.4 
  70-100 ppb 10 3 -20.7 -30.1 -10.7 
        
Yield (Y)   
16
4 12 -25.1 -28.7 -21.7 
 O3 Exposure Level <40 ppb 7 2 -6.1 -20.0 9.6 
  40-70 ppb 62 7 -13.0 -16.6 -9.3 
  70-100 ppb 75 8 -28.6 -32.7 -24.4 
  >100 ppb 17 4 -51.5 -59.8 -42.0 
 Photosynthetic Type C3 85 11 -33.7 -38.3 -29.1 
  C4 7 1 -34.6 -48.8 -18.0 
        
Flower Number 
(FLN)   28 11 -24.8 -39.9 -8.3 
 O3 Exposure Level <40 ppb 8 5 -40.8 -63.3 -12.1 
  40-70 ppb 14 6 -19.5 -39.2 3.3 
  70-100 ppb 3 3 -0.3 -22.5 59.2 
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Table 2.4.  Results of the meta-analysis for specific categorical variables with ambient air 
as the control.  The degrees of freedom (df) for each analysis and the number of species the 
analysis included in each comparison are listed along with the mean effect size and lower and 
upper 95% confidence intervals (CI).  Categorical variables that are bold and italicized were 
considered significantly different from one another due to non-overlapping 95% bootstrap CI. 
 
Variable Category Level df 
Number 
of 
Species 
Effect 
Size (%) 
Lower 
CI 
Upper 
CI 
Seed Weight (SW) Additional Stress None 119 8 -16.5 -19.2 -13.2 
  Stress 38 4 -15.2 -19.5 -11.0 
 Life Cycle Perennial 4 1 -23.2 -24.8 -21.7 
  Annual 
15
3 7 -15.9 -18.6 -13.4 
 Flowering Class Monocot 89 4 -18.2 -21.8 -14.4 
  Dicot 68 4 -13.3 -15.7 -10.7 
 Reproductive Growth Habit Indeterminate 41 6 -16.6 -20.9 -11.5 
  Determinate 
11
6 4 -16.0 -19.2 -13.0 
Seed Weight per 
Plant (WP) Additional Stress None 56 5 -10.8 -16.3 -5.3 
  Stress 11 4 -15.0 -27.6 -1.0 
 Flowering Class Monocot 46 2 -7.4 -12.9 -2.2 
  Dicot 21 3 -19.8 -28.7 -9.3 
 Reproductive Growth Habit Indeterminate 20 3 -19.3 -28.6 -8.2 
  Determinate 47 3 -7.9 -13.4 -2.8 
        
Total Seed 
Number (SN) Additional Stress None 18 2 -8.4 -11.6 -5.0 
  Stress 2 1 -13.9 -18.0 -5.8 
 Flowering Class Monocot 11 1 -6.8 -11.2 -2.2 
  Dicot 9 1 -11.9 -15.8 -8.4 
 Reproductive Growth Habit Indeterminate 3 1 -9.1 -14.5 -4.8 
  Determinate 17 2 -9.2 -12.6 -5.4 
        
Seeds per Fruiting 
Structure (SF) Additional Stress None 23 3 -9.8 -14.8 -5.2 
  Stress 5 2 -1.9 -4.7 1.2 
 Flowering Class Monocot 18 2 -10.4 -16.3 -5.1 
  Dicot 14 2 -4.1 -7.7 -1.4 
 Reproductive Growth Habit Indeterminate 13 3 -10.3 -17.8 -3.7 
  Determinate 15 2 -6.4 -10.7 -2.4 
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Table 2.4 (cont.) 
 
Variable Category Level df 
Number 
of 
Species 
Effect 
Size (%) 
Lower 
CI 
Upper 
CI 
Fruit Weight (FW) Life Cycle Perennial 5 2 -4.5 -11.5 1.7 
  Annual 32 7 -56.5 -71.3 -36.9 
 Flowering Class Monocot 8 2 -21.3 -33.6 -8.8 
  Dicot 29 7 -57.4 -73.1 -35.8 
 Reproductive Growth Habit Indeterminate 35 7 -53.9 -68.7 -34.4 
  Determinate 2 3 4.4 -19.1 62.3 
        
Fruit Number (FN) Additional Stress None 37 5 -41.5 -58.8 -19.0 
  Stress 13 2 -11.7 -20.6 -1.4 
 Reproductive Growth Habit Indeterminate 34 5 -44.9 -61.1 -24.8 
  Determinate 16 2 -7.1 -24.4 28.8 
        
Harvest Index (HI) Additional Stress None 32 5 -8.4 -12.0 -5.2 
  Stress 6 1 -18.2 -27.1 -9.3 
 Flowering Class Monocot 34 3 -8.7 -12.1 -5.7 
  Dicot 4 2 -25.9 -39.1 -7.5 
 Reproductive Growth Habit Indeterminate 3 2 -18.3 -38.9 -0.8 
  Determinate 35 4 -9.4 -12.9 -6.3 
        
Yield (Y) Additional Stress None 126 12 -26.6 -30.5 -22.7 
  Stress 37 5 -20.0 -27.5 -12.6 
 Life Cycle Perennial 6 4 -24.8 -40.6 -7.8 
  Annual 
15
7 8 -25.1 -28.7 -21.6 
 Flowering Class Monocot 73 6 -20.3 -25.8 -14.9 
  Dicot 90 6 -28.9 -33.4 -24.6 
 Reproductive Growth Habit Indeterminate 65 9 -28.6 -34.5 -22.8 
  Determinate 95 5 -23.3 -27.4 -18.8 
        
Flower Number 
(FLN) Life Cycle Perennial 19 9 -32.2 -49.6 -10.7 
  Annual 8 2 -5.9 -15.9 14.6 
 Flowering Class Monocot 9 2 -24.6 -52.2 -3.7 
  Dicot 17 9 -26.5 -43.1 -1.4 
 Reproductive Growth Habit Indeterminate 8 5 -15.9 -53.3 29.9 
  Determinate 18 6 -29.1 -43.1 -13.1 
 
  
30 
 
 
 
Figure 2.1.  The response of reproductive growth parameters to elevated [O3], compared to 
charcoal-filtered air.  Symbols represent the percentage change from charcoal-filtered air.  Bars 
represent the 95% bootstrap confidence intervals.  Mean response changes are considered 
significantly different from the control when their confidence intervals do no span zero.  In 
parentheses are the degrees of freedom and average ozone concentration for each parameter.  
Abbreviations for the response variables are found in Table 2.1. 
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Figure 2.2.  Effects of different [O3] on reproductive growth and development parameters, 
excluding studies with additional stress treatments with charcoal-filtered air as the control.  
Means for a variable are significantly different from each [O3] category when the 95% 
confidence intervals do not overlap.  The degrees of freedom for each variable are in 
parentheses.  The mean response of each response variable to elevated [O3] is calculated as the 
ratio of the average of all reported values under the O3 treatment to those under charcoal-filtered 
treatment.  Abbreviations for the response variables are found in Table 2.1. 
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Figure 2.3.  The response of reproductive growth parameters to elevated [O3], compared to 
ambient air.  Symbols represent the percentage change from ambient air.  Bars represent the 
95% bootstrap confidence intervals.  Mean response changes are considered significantly 
different from the control when their confidence intervals do no span zero.  In parentheses are 
the degrees of freedom and average ozone concentration for each parameter.  Abbreviations for 
the response variables are found in Table 2.1. 
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Figure 2.4.  Effects of different [O3] on reproductive growth and development parameters 
excluding studies with additional stress treatments with ambient air as the control.  Means 
are considered significantly different when the 95% confidence intervals do not overlap.  The 
degrees of freedom for each variable are in parentheses.  Abbreviations for the response 
variables are found in Table 2.1. 
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Figure 2.5.  Effect of elevated [O3] on reproductive growth and development parameters 
for different photosynthetic types with ambient air as the control.  Means for a variable are 
significantly different between the photosynthetic groups when the 95% confidence intervals do 
not overlap.  In parentheses are the degrees of freedom for the response variable, average ozone 
concentration for the studies used to calculate the average response.  Abbreviations for the 
response variables are found in Table 2.1. 
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CHAPTER III: ABIOTIC STRESS RESPONSES IN THE SEED COAT OF FIELD-GROWN 
SOYBEAN (GLYCINE MAX L. MERR.) 
 
Abstract 
Coupling genomic technologies with efforts to investigate physiological crop responses to 
abiotic stress in a dynamic field environment presents an effective approach to dissect the 
mechanisms underpinning crop responses to stress.  Soybean (Glycine max L. Merr. cv. 93B15) 
was grown in realistic production environments with altered temperature, precipitation or 
tropospheric ozone concentrations ([O3]) predicted for the end of the century.  RNA-Seq was 
used to assess changes in gene expression in the seed coat, a structure that plays an essential role 
in regulating photosynthate transport from source to sink tissues.  Seed coats responded to plant 
growth under drought, elevated temperature and elevated [O3] conditions by increasing the 
transcript abundance of WRKY and MYB transcription factors, receptor-like kinases and genes 
related to protein degradation.  There was strong overlap among stresses at the gene family level.  
However, each individual abiotic stress elicited distinct transcriptomic responses.  Although all 
three stresses decreased photosynthetic carbon assimilation, no change in the levels of seed coat 
sucrose compared to cotyledon hexose was observed.  In addition, seed coat genes related to 
carbon transport increased in all three abiotic stress treatments.  These results suggest that the 
seed coat responded to abiotic stress in a manner consistent with ensuring proper seed 
development. 
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Introduction 
Rising global temperature, drought stress and increased exposure to air pollutants have 
contributed to decreased regional and global crop production (Ciais et al., 2005; Lobell & Field 
2007; Van Dingenen et al., 2009) and represent an enormous challenge for the future of 
agriculture (Fedoroff et al., 2010; Teixeira et al., 2013).  If fossil fuel emissions continue at 
today’s pace, land surface temperatures in many of the world’s crop growing regions are 
projected to increase by 5-9 °C by the end of the century (IPCC, 2013).  Increased vapor pressure 
deficit resulting from higher temperatures, coupled with climate projections of more variable 
precipitation patterns in the future, will result in reduced soil moisture and increased drought 
stress (Dai, 2011; Rummukainen, 2012).  Higher temperatures will also favor formation of ozone 
(O3), which already costs billions of dollars in lost plant productivity annually (Ainsworth et al., 
2012a).  Major efforts have begun to characterize and understand the genomic responses of crops 
and model plant species to these abiotic stresses (Tuberosa & Salvi, 2006; Ahuja et al., 2010; Le 
et al., 2012; Naika et al., 2013).  In addition, there is growing awareness of the importance of 
investigating the mechanisms of crop response to environmental change in the dynamic field 
environment where multiple variables interact (Mittler, 2006; Leakey et al., 2009b; Hirayama & 
Shinozaki, 2010; Roy et al., 2011; Sinclair, 2011; Richards et al., 2012). Subsequent investments 
in research infrastructure have enabled integrative analysis of the molecular, biochemical, 
physiological and agronomic responses of crops to global climate change in the production 
environment (Schafleitner et al., 2007; Leakey et al., 2009c; Gillespie et al., 2012). 
Soybean (Glycine max L. Merr.) is the world’s most widely grown legume and provides an 
important global source of vegetable oil and protein for food and feed (Ainsworth et al., 2012b).  
Soybean seeds provide the economic value for the commodity and have been used as a model 
system for identifying genes and gene networks required for seed development (Le et al., 2007; 
Jones et al., 2010).  The soybean seed coat is a critical tissue that serves as a conduit for water 
and nutrients (Weber et al., 2005; Ranathunge et al., 2010), coordinates embryo and endosperm 
growth (Sreenivasulu & Wobus, 2013), and encapsulates and protects the embryo at maturity 
(Qutob et al., 2008).  As the link between maternal and filial tissue, the seed coat plays a critical 
role in the metabolic control of seed development, and in turn, successful seed production 
(Patrick & Offler, 2001).  This is achieved in part by the activity of acid invertases (vacuolar and 
cell wall) and sucrose synthase, which facilitate sucrose transport by generating a strong sucrose 
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to hexose gradient across the apoplastic space between the seed coat and the developing seed 
(Weber et al., 2005).  It has also been demonstrated that environmental stress, such as high 
temperature or drought stress imposed during soybean seed development can cause changes in 
seed coat morphology, which leads to negative effects on seed quality, and subsequent seed 
germination rates and seedling vigor (Dornbos & Mullen, 1991; Egli et al., 2005; Smith et al., 
2008).   
Global transcriptional profiling studies have described the genetic events involved in soybean 
seed development (Jones et al., 2010; Jones & Vodkin, 2013), and identified a complex seed coat 
specific transcriptome (Ranathunge et al., 2010).  However, the effects of abiotic stress on gene 
expression patterns in the seed coat have not been explored.  In contrast, many studies have 
investigated global transcriptional responses to abiotic stress in leaves or whole rosettes (see 
Hirayama & Shinozaki, 2010; Urano et al., 2010; Cabello et al., 2014 for recent reviews). 
Generally, abiotic stresses, including drought, high temperature and elevated [O3], are perceived 
by sensor systems, which trigger downstream signaling cascades involving protein 
phosphorylation, de-phosphorylation, calcium signaling, reactive oxygen species (ROS), plant 
hormones, and other secondary messengers, ultimately leading to extensive changes in gene 
expression mediated by transcription factors (Hirayama & Shinozaki, 2010; Agarwal et al., 2013; 
Cabello et al., 2014).  Many families of transcription factors including MYB, NAC, DREB, 
bZIP, and WRKY are responsive to stress, and integrate downstream regulation of genes 
involved in regulatory components of stress response and proteins involved in re-establishing 
cellular homeostasis and cellular repair (Agarwal et al., 2013; Cabello et al., 2014).  While the 
general signal cascade described above may apply to many abiotic stresses, global gene 
expression studies have demonstrated that different abiotic stresses elicit distinct responses at the 
transcript level (Mittler, 2006; Kilian et al., 2007) and that gene expression responses to stress 
can be tissue-dependent (Swindell, 2006).  Therefore, stress-specific and tissue-specific 
transcriptional studies are needed to characterize both the conserved and distinct transcriptional 
responses these abiotic stresses elicit. 
In the present study, we investigated the transcriptional response of soybean seed coat tissue 
to abiotic stress, including season-long growth in elevated temperature, elevated O3 or drought 
stress in a field setting.  Due to the critical role the seed coat plays in supplying nutrients to 
developing seeds, we investigated abiotic stress-mediated transcriptional changes during pod fill 
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stage.  Specifically, we are interested in testing the following hypotheses of 1) there will be a 
shared response of the seed coat transcriptome to elevated temperature, elevated O3 and drought, 
but each stress will also elicit distinct transcriptional responses, and; 2) due to decreases in 
photosynthate supply, all three stresses will lead to reductions in transcript abundance of sugar 
and nitrogen transporters. 
 
Experimental procedures 
Experimental site and plant growth conditions 
Soybean (Glycine max cv. Pioneer 93B15) was grown under drought (n=4) conditions at the 80-
acre Soybean Free Air Concentration Enrichment (SoyFACE; 
http://www.igb.illinois.edu/soyface/)) experimental field site in the summer of 2011 and in 
elevated [O3] (n=4) and elevated temperature (n=4) conditions in the summer of 2012 (see Fig. 
1.2).  Drought was established by employing modified Solair motorized retractable fabric 
awnings (Glen Raven, Inc., Glen Raven, NC, http://www.glenraven.com) mounted 25-50 cm 
above the plant canopy to intercept nighttime rainfall (described in Gray et al., 2012), resulting in 
a 35% reduction in total growing season precipitation (control precipitation, 274 mm; reduced 
precipitation, 179 mm).  The elevated temperature treatment was produced using infrared heaters 
(Salamander Aluminum Extrusion Reflector Assembly Housing for Ceramic Infrared Heaters; 
Mor Electric Heating Assoc., http://www.morelectricheating.com) fitted with four heating 
elements (Mor-FTE 1,000-W, 240-V heaters; Mor Electric Heating Assoc., 
http://www.morelectricheating.com) mounted 1.2 meters above the plant canopy (described in 
Ruiz-Vera et al., 2013).  The growing season mean increase in temperature was 2.71 °C ± 0.4 °C 
in the temperature plots.  The elevated [O3] fumigation system described in Morgan et al. (2004) 
increased [O3] to 100 nL L-1 from ~10:00 to 17:00, except when leaves were wet.  In 2012, the 
season-long 8-hr average ambient [O3] was 50.6 nL L-1, and the 8-hr season-long elevated [O3] 
was 69.7 ± 1.3 nL L-1. 
 
Photosynthetic gas exchange, tissue sampling, biochemical analyses and harvest 
Gas exchange measurements were taken at mid-day using the middle trifoliate of fully expanded 
leaves at the 5th node down from the shoot apex during the pod filling stage (R5).  This stage is 
characterized by nutrient accumulation and synthesis of storage proteins (Jones and Vodkin, 
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2013).  A portable infrared gas analyzer (LI-6400; Licor Biosciences, Inc., Lincoln, NE, 
http://www.licor.com) was used to take measurements of leaf photosynthesis (A) and stomatal 
conductance (gs) by setting the chamber conditions to reflect the ambient light intensity, 
temperature and relative humidity in the field.  Three leaves from different plants were measured 
for each treatment and control plot. 
 Following gas exchange measurements, tissue was collected from the 5th node at dusk 
(approximately 18:00-20:00) for carbohydrate and gene expression measurements.  Leaf discs 
(1.34 cm2) were excised from fully expanded leaves, flash-frozen in liquid N, and then stored at  
-80 ºC.  Leaf discs were also collected and dried at 55ºC for one week to assess specific leaf 
weight.  Petioles were removed and sectioned into 2.0 cm lengths based on proximity to the leaf, 
the stem and at a distance mid-way between the leaf and stem.  The seed coat was harvested 
from detached pods by making a small incision into the seed coat of the seed with a scalpel and 
separating the seed coat from the cotyledons.  Seed coats were flash-frozen in liquid N and 
stored at -80ºC.  Seed coat tissue was collected from ~10 - 20 plants per plot and pooled in order 
to obtain sufficient tissue for subsequent analyses.   
 Total non-structural carbohydrate content of leaves and petiole tissue was calculated from 
sequential determination of glucose, fructose and sucrose content using the methods of Jones et 
al., (1977).  The pellets remaining after the ethanol extraction were then solubilized by heating to 
95ºC in 0.1 M NaOH for subsequent determination of starch content.  The NaOH solution was 
acidified to pH 4.9 and starch content was determined from glucose equivalents (Hendriks et al., 
2003).  Sucrose and hexose concentrations in the seed coat and cotyledon tissues were also 
calculated from the measurement of total non-structural carbohydrate content. 
 Soybean pods were collected to quantify yield when the plants reached maturity (R8).  Pods 
were harvested from the same node where physiological measurements were taken.   
 
Statistical analysis of physiological and biochemical data 
All model assumptions of normality and homogeneous error (NID, 0, σ2) were examined for 
each parameter (A, gs, TNC, and hexose/sucrose concentrations).  Assumptions of normality 
were tested using the Shapiro-Wilk test (Shapiro and Wilk, 1965), and the assumption of 
homogeneous variance was examined by plotting the residual versus the predicted value for each 
variable.  A linear mixed model was used to assess the impact of the fixed effect of treatment 
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(drought, elevated [O3], or elevated temperature) compared to the control with block as a random 
factor in the model.  Pairwise comparisons among the groups for the fixed effects were done to 
assess significance for effects of treatment compared to control.  A separate model was fit for 
each treatment and the dependent variables A, gs, leaf TNC and seed hexose and sucrose 
concentration were fit separately.  A repeated measures analysis was used for petiole TNC data, 
due to the correlation in space.  Analyses were conducted in SAS (SAS Institute, Version 9.2, 
Cary, NC, USA, http://www.sas.com/). 
 
Transcriptome sequencing and qRT-PCR 
Total RNA was isolated from frozen seed coat tissue following standard protocols.  Briefly, seed 
coats were ground to a fine powder in liquid N using a mortar and pestle.  RNA was extracted 
using the PureLink Plant RNA Reagent (Ambion, by Life Technologies Corp., Grand Island, 
NY, USA, http://www.lifetechnologies.com) and genomic DNA contamination was removed 
from RNA samples using Turbo DNase treatment (Applied Biosystems by Life Technologies, 
Austin, TX, USA, http://www.lifetechnologies.com) according to the manufacturer’s protocols.  
RNA quantity was determined with a spectrophotometer (Nanodrop 1000, Thermo Fisher 
Scientific, Waltham, MA, USA, http://www.thermofisher.com) and RNA quality was assessed 
using the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA, 
http://www.alliedelec.com/).  cDNA libraries were prepared using the Illumnina TruSeq Sample 
Prep kit (Illumina Inc. San Diego, CA, USA, http://www.illumina.com) according to the 
manufacturers protocol.  Library fragments were barcoded and multiplexed for sequencing to 
obtain 100 nt single-end reads.  Library preparation and sequencing was performed at the Roy J. 
Carver Biotechnology Center using the Illumina Genome HiSeq 2000 (Illumina Inc. San Diego, 
CA, USA, http://www.illumina.com) and Cassava pipeline 1.8.  FASTQ files from all 
sequencing runs are located on the Small Read Archive (http://www.ncbi.nlm.nih.gov/sra), 
SRA089043, BioProject number PRJNA207354.  qRT-PCR was also performed on the same 
RNA samples that were sequenced following the methods described in Yendrek et al., (2012).  
Primer sequences are listed in Table 3.1. 
 
Read alignment and quality control  
Sequenced reads were aligned to the soybean reference genome (Gmax_189.fa, 
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http://www.phytozome.net) using Bowtie (Langmead et al., 2009).  All valid alignments per read 
were reported using the [-a] and [--tryhard] options in Bowtie.  If more than one valid alignment 
existed, the [--best] and [--strata] options were used.  Additionally, up to three mismatches were 
permitted [–n 3].  Alignment summary statistics are presented in Table 3.2.  Output from Bowtie 
was converted to a SAM file using SAMtools (Li et al., 2009).  Aligned sequence reads and a list 
of genomic features (Gmax_189_gene.gff3, http://www.phytozome.net) were input into the 
Python package HTSeq (http://www-huber.embl.de/users/anders/HTSeq/doc/count.html#count) 
to generate read counts using htseq-count and -m union options.  These counts were then input 
into SAS (SAS Institute, Version 9.2, Cary, NC, USA, http://www.sas.com/) for statistical 
analysis.  Quality control for reads was performed using FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Overall, the per base sequence 
quality (Fig. 3.1a), per sequence quality score (Fig. 3.1b), and sequence length distribution (Fig. 
3.1c) were of good quality, and there was no evidence for overrepresented sequences (not 
shown).  However, very high sequence duplication levels were observed (Fig. 3.1d).  Analysis of 
overrepresented sequences did not reveal any sequence that represented more than 0.1% of the 
total.  To quantify the amount of duplication present in each library the number of unique 
sequence reads in each library was determined (Table 3.3).  Reads that were exact duplicates 
were parsed apart from reads with no exact duplicates and then counted to quantify the amount 
of duplication present in each library.  Wiggle plots were used to determine if the duplication 
was biased along a transcript and/or ‘louder’ than the true biological signal (Fig. 3.2).  By 
examining nucleotide counts along the transcript we can see if there are ‘pile ups’ (aggregations 
of nucleotides) at specific locations along the transcript (indicating potential PCR duplicates), or 
if high levels of duplication ‘pile ups’ are causing genes to be marked as significantly different 
when they are only significant due to duplication artifacts. 
 
Statistical analysis of RNA-Seq data 
Genes that had zero counts for all biological replicates were removed from the subsequent 
analysis.  Additionally, very low abundance genes that had counts of 10 or less for any sample 
within an individual abiotic stress were removed.  Bland-Altman plots were used to compare 
several normalization strategies (Fig. 3.3).  Differential gene expression was determined using a 
mixed effects linear model Yijkl= m+ti+gj+rk+eijkl.  Y is the normalized estimate of the expression 
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for the fixed effect of condition (i = treatment/control), the random effect of block (j=1,2,3,4) 
and the random effect of lane (k=1,2,3,4).  A separate model was fit for each treatment.  The 
assumptions of normality were tested using the Shapiro-Wilk test for each gene per treatment.  
Due to large distribution differences between treatment and control groups some genes failed 
normality according to the Shapiro-Wilkes test.  For these genes, the Wilcoxon non-parametric 
test was run to determine significant differences.  A p-value < 0.05 based on the Kruskal-Wallis 
test output from the Wilcoxon score was considered significant and those genes were combined 
with the significant genes from the ANOVA.   
 
Results 
RNA-Seq analysis requires appropriate data quality control and normalization 
The soybean RNA-Seq dataset contained a high percentage of reads that were exact duplicates, 
as well as a large number of reads generated per sample.  Quantification of duplicates (Table 3.3) 
and analysis of their distribution demonstrated good sequence coverage with no evidence of 
‘pile-ups’ (aggregations of nucleotides) of duplicates along a transcript (Fig. 3.2).  Additionally, 
when statistical analyses were repeated without duplicates, the treatment effects were very 
similar (Table 3.4).  This is consistent with duplication events in the evolutionary history of the 
soybean genome (Schmutz et al., 2010).  Therefore, all reads (unique and duplicate) generated 
from sequencing were used for subsequent analyses.  
 In order to standardize read counts across sequencing libraries we compared multiple 
normalization strategies.  The natural log of the upper quartile (ln-uq) normalization (Bullard et 
al., 2010; Dillies et al., 2013) was most appropriate for our RNA-seq count data because it 
sufficiently managed the variance observed among biological replicates (Fig. 3.3).  However, the 
resulting fold-change values were lower than those obtained with the popular reads per kilobase 
of transcript per million mapped reads (RPKM) normalization method.  In order to compare the 
scale of transcript abundance changes for both normalization strategies, quantitative RT-PCR 
(qRT-PCR) was performed to assess the relative expression of 32 transcripts that were increased, 
decreased or unchanged in response to the temperature, drought and O3 treatments (Fig. 3.4; 
Table 3.1). Both the RPKM and ln-uq strategies were highly correlated with the qRT-PCR 
results, with a log2-ln-uq fold-change of 0.165 representing a 2-fold change in expression 
measured by RT-PCR (Fig. 3.4).  
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Global changes in transcript abundance indicate that the seed coat was responsive to abiotic 
stress 
The transcriptome of the soybean seed coat contained 41,992 expressed genes (defined as those 
with at least 10 reads for all biological replicates), representing 77.5% of the whole genome.  
The most abundant genes expressed in the seed coat were genes involved in cell wall expansion, 
protein storage and protein degradation (Table 3.5).  Differential expression analysis showed that 
growth in drought conditions led to a significant change in transcript abundance for 2,363 seed 
coat genes, while 3,017 seed coat genes showed altered transcript abundance with exposure to 
elevated [O3] and 4,714 with elevated temperature.  A greater proportion of the differentially 
expressed transcripts had an increase in abundance in response to stress conditions; 71.3% of the 
2,363 genes in drought, 54.6% of the 3,017 genes in elevated [O3] and 60.0% of the 4,714 in 
elevated temperature (Fig. 3.5).  Analysis of highly expressed genes with the greatest change in 
transcript abundance failed to identify a single gene responding to all three treatments (Table 
3.6).  However, the functional description of differentially expressed genes was similar for all 
three treatments (Fig. 3.6).  For example, the largest percentage of genes changing in all three 
treatments was related to RNA processes, followed by protein processes, signaling, transport and 
stress (Fig. 3.6).  Within the stress category, there was evidence that the expression of 
dehydration-, heat- and wounding-responsive genes, as well as many disease resistance genes, 
changed in each of three abiotic stress treatments.  However, no individual stress gene was 
responsive to all three treatments, indicating that each abiotic stress elicited a distinct 
transcriptional response.  
 Within the RNA processes category, several gene families involved with the regulation of 
transcription demonstrated a conserved response among the drought, elevated [O3] and elevated 
temperature stresses.  The WRKY and MYB transcription factor gene families were over-
represented among genes showing large increases in transcript abundance in response to drought, 
elevated [O3] and elevated temperature (Fig. 3.7).  As with the stress-related genes, no individual 
soybean WRKY or MYB gene was differentially expressed in response to all three abiotic stress 
treatments.  However, when soybean genes were grouped based on similarity to Arabidopsis, 
increased transcript abundance of soybean genes homologous to AtWRKY48 and AtMYB16 was 
observed in each treatment (Fig. 3.7).  
 Many receptor-like kinase (RLK) genes in the seed coat were also responsive to drought (37 
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genes), elevated [O3] (26 genes) or elevated temperature (101 genes).  When these genes were 
categorized by features present in the primary amino acid sequence of the extracellular domain, 
three types of RLKs, including the leucine-rich repeat (LRR) RLKs, bulb lectin containing S-
receptor-like RLKs and the cysteine-rich (DUF26) RLKs were preferentially enriched in all three 
treatments (Fig. 3.8).  In the drought and elevated temperature treatments, the LRR RLKs were 
most responsive, while growth in elevated [O3] did not elicit a dominant response from a specific 
RLK type (Fig.3.8).  No individual RLK gene was responsive to all three abiotic stress 
treatments, indicating a distinct signaling response for each stress. 
 Finally, the transcriptional response in the seed coat provided indirect evidence for the 
impact of drought, elevated [O3] or elevated temperature on protein regulation and turnover.  Of 
the genes related to protein processes that showed a significant change in transcript abundance, 
the majority were involved with post-translational modifications, including kinases and 
phosphatases involved with signal transduction, as well as components of the ubiquitin-
proteasome system (Table 3.7).  All three stresses elicited a response from genes encoding 
specific proteases sharing homology to the Arabidopsis aspartate protease, At1g11910, and 
subtilisin-like serine protease, At1g20160.  In addition, soybean genes homologous to the 
cysteine-type peptidase RESPONSE TO DEHYDRATION 21 (At1g47128) showed increased 
transcript abundance in response to drought (Glyma05g20930), elevated [O3] (Glyma06g42530, 
Glyma06g42560, Glyma06g42620 and Glyma06g42650), and elevated temperature 
(Glyma05g20930, Glyma16g16290 and Glyma17g18440).  
 
Transcript abundance of genes related to photoassimilate transport increased in all three abiotic 
stress treatments 
In order to appropriately interpret transcriptomic responses related to photosynthate transport, 
leaf-level photosynthetic and biochemical measurements were taken to verify an abiotic stress 
phenotype was observed.  Soybeans exposed to drought, elevated [O3] or elevated temperature 
had lower rates of photosynthesis (A) and stomatal conductance (gs; Fig. 3.9).  Leaf total 
nonstructural carbohydrate (TNC) content was also significantly decreased in the drought and 
elevated temperature treatments (Fig. 3.9g, i), but not in elevated [O3] (Fig. 3.9h).  At maturity, 
each of the abiotic stress treatments resulted in fewer pods per node, which was consistent with 
reduced seed yield (Table 3.8). 
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 The abundance of TNCs was also quantified at three positions along the petiole based on the 
proximity to source and sink tissues.  There was a significant difference between petiole TNC at 
the leaf position (source) and stem position (sink) for all treatments (Fig. 3.10).  These 
differences were driven by changes in starch content, as sucrose content did not differ (data not 
shown).  No significant effect of drought, elevated [O3], or elevated temperature on petiole TNC 
was observed at any position (Fig. 3.10).  Additionally, a high sucrose to hexose ratio between 
seed coat sucrose and cotyledon hexose concentration was maintained (Fig. 3.11), which is 
important in establishing sink strength in developing seeds (Weber et al., 1995).   
 To investigate the possibility of a stress-induced response in the seed coat to maintain an 
adequate supply of photosynthate to the developing pods, we examined changes in transcript 
abundance for genes involved in determining sink strength in legumes, including vacuolar and 
cell wall invertases, sucrose synthase, and genes related to nutrient transport.  A single invertase 
gene (Glyma06g47640) increased abundance in both the drought and elevated temperature 
treatments (Table 3.9).  The sucrose synthase gene (Glyma03g05800) increased in abundance 
only in response to elevated [O3] (Table 3.9).  When sugar and nitrogen-related transporter genes 
were investigated, several genes significantly increased abundance in response to a single abiotic 
stress (Appendix B), but only the soybean seed coat genes homologous to Arabidopsis AMINO 
ACID PERMEASE 3 (AAP3; At1g77380), BIDIRECTIONAL AMINO ACID 
TRANSPORTER 1 (BAT1; At2g01170) and NITRATE TRANSPORTER 1/PEPTIDE 
TRANSPORTER genes were increased in all three abiotic stress treatments (Appendix B). 
 
Discussion 
The ability to sequence mRNA (RNA-Seq) represents a tremendous technological advance for 
assessing global changes in gene expression (Marguerat & Bahler, 2010), with wide-ranging 
applications for quantifying differential expression in response to abiotic stress.  Many 
unresolved issues remain, however, regarding the best practices and broad application of 
bioinformatics methods and statistical analysis of RNA-Seq data (Sboner et al., 2011; 
Nekrutenko & Taylor, 2012).  In soybean, a major issue complicating RNA-Seq analysis is that 
approximately 75% of the expressed genes are present in multiple copies due to past genome 
duplications (Schmutz et al., 2010).  This complicates alignment of RNA-Seq transcripts to the 
reference genome and limits the ability to accurately quantify transcript abundance at the gene 
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level.  This issue emerged here as seen by the large fraction of non-unique (duplicate) reads 
(Table 3.3).  One option for dealing with non-unique reads is to remove all duplicate reads prior 
to differential expression analysis.  However, since 96% of soybean homeologous pairs do not 
exhibit neo-functionalization (Roulin et al., 2013), removal of duplicates would unnecessarily 
eliminate important information about the transcriptomic response of seed coat genes to abiotic 
stress.  We found no evidence for aberrant per base gene expression along the transcript length 
(Fig. 3.2), indicating that non-unique reads most likely did not arise from PCR amplification bias 
during cDNA library preparation (Aird et al., 2011).  Furthermore, little difference was seen in 
treatment effects impacting broad functional categories when datasets with and without duplicate 
reads were compared (Table 3.4).  Therefore, the strategy we employed was to map transcript 
reads to the soybean reference genome and include all unique and duplicate reads for analysis of 
differential expression.   
Appropriate normalization of RNA-Seq data is needed to control the different types of 
systematic variation that can arise within and among samples (Bullard et al., 2010; Dillies et al., 
2013).  The ideal normalization should demonstrate relatively high variance for low gene counts 
and minimize the variance as gene counts increase (McIntyre et al., 2011).  In this study we show 
that normalizing for differences in transcript length within a sample (RPKM) was not as effective 
as using the ln-uq method to control for intra-sample differences in sequencing depth (Fig. 3.3).  
While most appropriate for this dataset, the ln-uq transformation resulted in abundance values 
that generated a more narrow range of fold-change values compared to the more commonly 
reported RPKM method, as illustrated in Fig. 3.4.  Despite this, by effectively decrease the 
variance between sequencing libraries, the ln_uq normalization allowed for appropriate 
comparisons of differential gene expression in plants exposed to different abiotic stress 
conditions. 
 The seed coat is an important tissue that mediates maternal control of embryo development, 
protects the developing embryo, determines dormancy and regulates germination (Moise et al., 
2005).  In legumes, the seed coat has also been shown to play a vital role in regulating the 
transfer of photoassimilate across the apoplastic space by maintaining a high hexose:sucrose 
ratio that drives phloem unloading during seed development (Weber et al., 1995; Weber et al., 
1996a; Weber et al., 1996b; Weber et al., 2005).  Information about gene expression in the seed 
coat is available for legume crops, primarily in the context of studying pigment color (Kovinich 
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et al., 2011) and seed development (Gallardo et al., 2007; Le et al., 2007; Jones & Vodkin, 2013; 
Verdier et al., 2013).  It is not known, however, how the seed coat transcriptome responds to 
growth in abiotic stress.  In this study, we compared the transcriptional response of the seed coat 
to three different abiotic stress treatments, drought, elevated [O3] or elevated temperature, during 
the pod filling stage of field grown soybean, a time during seed development characterized by 
cell expansion and endosperm absorption of translocated photoassimilates (Fehr et al., 1971; Le 
et al,. 2007). 
 Seed coat genes with the highest transcript abundance corresponded to major processes 
occurring in the developing pods at the pod filling stage, namely genes with functions related to 
rapid growth and cell wall expansion.  For example, cationic peroxidase (Glyma07g39020 and 
Glyma17g01720 in Table 3.5) was expressed at high levels throughout seed development in all 
cell layers of the soybean seed coat (Gijzen et al., 1999) and likely plays a role in mediating the 
rapid cell expansion of the seed coat during seed development (Passardi et al., 2005).  There 
were also highly abundant transcripts encoding pectin acetyl esterase genes (Glyma16g17120 
and Glyma16g17150 in Table 3.5).  These genes are responsible for the O-acetylation of pectin, 
which alters the physical properties and modulates the extensibility of cell wall polysaccharides 
(Liners et al., 1994; Gou et al., 2012).  Comparing the abundance of these highly expressed 
genes with the expression profiles in the RNA-Seq Atlas of Glycine max 
(http://soybase.org/soyseq/) revealed that the two peroxidase genes are expressed at high levels 
in all tissue types with maximum expression in rapidly growing pods (Glyma07g39020) and 
seeds (Glyma17g01720).  However, the two pectin acetyl esterase genes were reported to have 
relatively lower low transcript abundance in whole seeds during the pod filling stage.  This 
comparison suggests that expression of Glyma16g17120 and Glyma16g17150 may be specific to 
the seed coat considering the large difference in biomass of seed coats relative to the whole seed 
at the pod filling stage. 
 Differential expression analysis of seed coat mRNA revealed extensive changes in transcript 
abundance in response to each abiotic stress treatment, including genes responsive to 
dehydration and heat stress in soybean leaf tissue (Alves & Fietto, 2103; Lopes-Caitar et al., 
2013).  Each abiotic stress also elicited a strong response from pathogenesis (PR)-related genes, 
which is likely due to the crosstalk that has been observed between abiotic and biotic stress 
signaling and responses (Cheong et al., 2002; Rizhsky et al., 2004; Fujita et al., 2006; Mittler & 
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Blumwald, 2010; Atkinson & Urwin, 2012).  Of the three abiotic stresses, the most extensive 
PR-related gene response was generated by elevated [O3], which is well known to elicit many 
plant defense reactions (Sandermann et al., 1998).  When the differentially expressed genes were 
organized by cellular function, all three abiotic stress treatments had similar proportions of genes 
comprising the largest functional categories, including RNA processes, protein processes, 
signaling, transport and stress (Fig. 3.6).  While this gave the appearance of a globally similar 
transcriptional response among stress treatments, no individual gene within these major 
categories was found to respond to all three stresses (Table 3.6), indicating that each abiotic 
stress elicited a distinct transcriptional response. 
 The largest functional category containing differentially expressed genes was RNA 
processes, which had significant over-representation of genes involved with the regulation of 
transcription in each abiotic stress (Table 3.4).  In particular, transcript abundance of many genes 
encoding WRKY transcription factors was increased (Fig. 3.7a), which is a well-known response 
to stress (Zhou et al., 2008; Rushton et al., 2010).  The WRKY genes responding to elevated [O3] 
and elevated temperature mainly clustered with the group II c subgroup of the WRKY family, 
while the group I c subgroup was enriched within drought responsive WRKY genes (Yin et al., 
2013).  No group III WRKY transcription factors were responsive to drought, elevated [O3] or 
elevated temperature (Yin et al., 2013).  In addition, all three abiotic stresses led to an increase in 
transcript abundance of soybean genes closely related to Arabidopsis WRKY48, a gene shown to 
play a role as a negative regulator of basal disease resistance (Xing et al., 2008).  Numerous 
genes belonging to the stress-responsive MYB family of transcription factors (Dubos et al., 
2010; Pereira et al., 2011) also increased in abundance in response to all three abiotic stress 
treatments (Fig. 3.7b).  A shared stress response was observed for genes related to the 
Arabidopsis MYB16 gene, which has been shown to regulate cuticle formation and wax 
accumulation (Oshima et al., 2013).  This is an important adaptive response needed for survival 
in an environment characterized by abiotic stresses such as drought, elevated [O3] or elevated 
temperature (Pollard et al., 2008). 
 Within the signaling functional category, which also contained a large number of 
differentially expressed genes, the RLK family of proteins had a substantial number of genes 
with increased transcript abundance.  Based on conserved motifs in the extracellular domain, the 
predominant types of RLKs that responded to drought, elevated [O3] or elevated temperature 
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included the LRR, S-receptor-like and cysteine-rich (DUF26) RLKs (Fig. 3.8).  Most well-
known for mediating protein-protein interactions, meristem development and pathogen 
recognition and defense (Afzal et al., 2008; Greeff et al., 2012), more recently it has been shown 
that LRR RLKs are also transcriptionally regulated by abiotic stress (ten Hove et al., 2011; Yang 
et al., 2014) and participate in ROS signaling (Osakabe et al., 2013).  S-receptor-like RLKs are 
also responsive to oxidative stress (Babosha, 2008) and contain a bulb lectin domain that may 
bind mannose (Barre et al., 2001), hormones and/or complex oligosaccharides (De Hoff et al., 
2009), implying a potential link between RLK signaling and carbohydrate metabolism.  
Cysteine-rich RLKs have also been shown to be involved in ROS signaling, specifically in 
response to acute O3 stress (Wrzaczek et al., 2010).  These RLKs contain a DUF26 binding motif 
that is implicated in protein-protein interactions (Tanaka et al., 2012; Zhang et al., 2013).  While 
it is unknown what these various types of abiotic stress responsive RLKS were binding, they 
could be playing a role in integrating stress and carbohydrate signals at the interface between 
source and sink tissues.  What is clear, however, is that each abiotic stress elicited a response that 
consisted of a distinct combination of RLK types, similar to the response observed for the 
WRKY and MYB transcription factors, which could provide insights regarding gene function 
following genome duplication in a polyploid such as soybean (Yin et al., 2013; Roulin et al., 
2013). 
 Based on the reductions in primary metabolism (Fig. 3.9) and yield (Table 3.8) that are 
common responses to abiotic stress (Wanner & Junttila, 1999; Kaur et al., 2000; Gupta & Kaur, 
2005; Betzelberger et al., 2012; Ruiz-Vera et al., 2013), we predicted that decreased 
photosynthate available for translocation to developing reproductive tissues would lead to 
reduced abundance of transcripts related to sugar transport in the seed coat.  The opposite was 
observed, however, as some genes involved with the control of long-distance transport of 
sucrose, including acid invertase and sucrose synthase (Weber et al., 2005), increased in 
transcript abundance (Table 3.9).  In contrast to drought and elevated temperature, both of which 
impacted the transcript abundance of invertase genes, elevated [O3] elicited a response from 
sucrose synthase (Table 3.9), which is important for controlling sink strength in seeds later in 
development (Weber et al., 1996b).  Ozone accelerates development and senescence in soybean 
and other plants (Pell et al., 1997; Miller et al., 1999; Fiscus et al., 2005), and it is possible that 
the seed coats were at slightly different developmental stages in the different treatments.  The 
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transcript abundance of seed coat genes encoding sugar transporters also increased in response to 
each of the treatments (Appendix B).  These changes in gene expression associated with sugar 
transport are consistent with a role of the seed coat in influencing sink strength and maintaining 
hexose:sucrose ratios required for rapidly growing seeds (Fig. 3.11). 
 
Conclusion 
This study investigated the transcriptomic response of the soybean seed coat to multiple abiotic 
stresses in a field environment.  Gene expression profiles were characteristic of abiotic stress 
responses, with increased transcript abundance of genes related to cell wall expansion and rapid 
growth, WRKY and MYB transcription factors, and multiple RLKs, indicating that the soybean 
seed coat was responsive to abiotic stress conditions.  While overlap existed among gene family 
responses to each abiotic stress, little overlap existed at the individual gene level, indicating that 
each stress elicited a distinct response.  Finally, biochemical and transcriptomic data suggests 
that the seed coat plays an active role in maintaining an adequate supply of photosynthate to 
developing seeds during periods of reduced photosynthesis to ensure the completion of seed 
development.  
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TABLES AND FIGURES 
 
Table 3.1.  Primer sequences used for qRT-PCR. 
Gene ID Treatment Primer A Primer B 
Glyma0041s00350 Elev. O3 GCGAGCAAGACAAGTAGAGGT GCATATGGAAAGTGTGGCTGC 
Glyma01g04070 Drought ATCACCTGGTTCTATCCGCCA TACACAGCACTCCACTTCACC 
Glyma01g37580 Drought AAGTGACGGTCATAGGCATCG AATCACCAGACCACCACCTTC 
Glyma02g03680 Drought TGATGGCAAGTCTCCTGGTTC TCGTACACAGCACTCCACTTC 
Glyma02g46060 Drought TCAGGGGAGTCAGAGGGATAC ACTAGCCACTTGTCTATGCATTCT 
Glyma03g30040 Elev. temp CAGGGAGGAAAGAAAGCTGGA TTGCCAACTCCTTTTGCATCG 
Glyma03g36610 Elev. temp TGGCACAGTATCCGTAAGTGG TCCGGTGAAGTTGAAAAGCCT 
Glyma04g00610 Drought CGCCTATATCTCGCGGGTAAG CCTTCCCTCAACACTTCCTCC 
Glyma04g11090 Drought AGAACAACAACAGAGAACCCCA ACACAGATCCTCACGTTCACT 
Glyma04g42910 Elev. O3 ATGAGCTTTGGAGGGTGTGAG GCAAGAAGATTCAGGACCCCT 
Glyma05g08880 Elev. temp TCCCAACTCCTAGCTCTCCTC TAGTTCACCACCCACGAGAAC 
Glyma05g25610 Elev. O3 TGTTGAAAACGCGGATGAGTG AGACGAGGGAATGGGATCAGA 
Glyma05g26780 Elev. O3 TGCCAAAACCAGCTGAACAAC ACATGCTCTCTCTGCTGGTTC 
Glyma06g36520 Elev. O3 CGATGAACAACCGAGCGAATC TACTTGGCCACCTCATCAACC 
Glyma07g37680 Elev. temp CGCTGTGTTCTCTCTCAACCA AGCTTGCGGTTGAGACATTCT 
Glyma07g38790 Drought AGCAGCTTGAGAGAGTCTTCG ACCCTAATTCCCCTACTCGCT 
Glyma08g10270 Elev. O3 ACTCATCTGTGGCTTTCTCGG CAGCTCTGTGGATGGCACTAG 
Glyma08g43620 Elev. temp TGGATGCCCTTGACATTGAGA TGGTCAGAAGTAGCACGTGTG 
Glyma08g46080 Elev. temp TGGCTGATACAAGTGGAGGAG TGGATTGCACCCACAGTACTC 
Glyma11g04320 Elev. temp TCCAAGGCCAGCTCATGAATT TTTTCGCCCTTCTGCTGAATG 
Glyma11g08430 Elev. temp TGGCACACTGATTTACTCGCT TTCCGAAGCTTCCTCCTTACG 
Glyma11g15150 Elev. O3 AAACGGGGACATCGATGGAAA TTGCCCGCACTACATCTTCTT 
Glyma11g21110 Elev. temp CTCAAGAGCAACCCAATGAGC GGGCTTGAAATCTGCAGTGAC 
Glyma13g01090 Elev. O3 TATTAGTCCCGTTGAGCCACG TATCCACAACCCCAAGAGCAC 
Glyma13g23980 Elev. temp AGCATCCCTGGTGTTACATCTG AGTCATCGTTCTTTTCGGCCA 
Glyma14g03110 Elev. O3 TGGTGATAAGTGTGCATGGCT ACCCAAATCAGTGACGAACCA 
Glyma14g09910 Elev. temp TGCATACAAGGAGATGGTGGG TGTTGTGTTCACTCTGCCACT 
Glyma17g07200 Elev. O3 CCAAAATGCCCACAAGCTTGA TCTTTCCTTCCACCAAGCCTC 
Glyma18g32760 Elev. temp GTGGAGGAGATGCAGTGAGAC CACATCTGCAACCACTTCCAG 
Glyma18g46560 Elev. temp CCACAACAAAAGCGTGCTGTA GTGAGCTTCGGTTTCAGAGGA 
Glyma18g46703 Drought TCTGGATTTGAACGTGAGCCA CTGCCGGAGTTAAACCCAGAA 
Glyma20g36530 Elev. O3 TGGAAATGGTTGTCTCACCCT TTCGATAGGTAAGCGCATGGT 
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Table 3.2.  Summary statistics for each FASTQ file aligned to the soybean reference 
genome. 
 
Abiotic stress Treatment Replicate Year Total Reads 
Reads 
Aligned 
(Bowtie) 
Reads Failed 
to Align 
(Bowtie) 
Drought Control 1 2011 44613416 30864092 13749324 
 Treatment 1 2011 49850779 22305665 27545114 
 Control 2 2011 44149564 32006388 12143176 
 Treatment 2 2011 47364690 35721196 11643494 
 Control 3 2011 46146903 32570940 13575963 
 Treatment 3 2011 48364058 34237255 14126803 
Elevated [O3] Control 1 2012 43481774 30154188 13327586 
 Treatment 1 2012 46171065 31808744 14362321 
 Control 2 2012 38803621 27734425 11069196 
 Treatment 2 2012 44444615 31019389 13425226 
 Control 3 2012 44662392 30553871 14108521 
 Treatment 3 2012 51402680 35233921 16168759 
 Control 4 2012 40503742 27961847 12541895 
 Treatment 4 2012 44111559 30323283 13788276 
Elevated temperature Control 1 2012 48978511 35332453 13646058 
 Treatment 1 2012 44501881 30872493 13629388 
 Control 2 2012 45737705 32051559 13686146 
 Treatment 2 2012 42427179 29373086 13054093 
 Control 3 2012 46733111 32698908 14034203 
 Treatment 3 2012 53211882 37131850 16080032 
 Control 4 2012 49310043 34198047 15111996 
 Treatment 4 2012 47995804 33316631 14679173 
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Table 3.3.  Unique sequence reads in each cDNA library. 
 
Abiotic stress Treatment Replicate Year Total Sequences 
Unique 
Sequences 
Unique 
Sequences (%) 
Drought Control 1 2011 44613416 24080493 54.97 
 Treatment 1 2011 49850779 19538661 39.19 
 Control 2 2011 44149564 20150756 45.64 
 Treatment 2 2011 47364690 22313195 47.10 
 Control 3 2011 46146903 23726167 51.41 
 Treatment 3 2011 48364058 25380411 52.47 
Elevated [O3] Control 1 2012 43481774 22776368 52.38 
 Treatment 1 2012 48978511 24331009 49.67 
 Control 2 2012 38803621 18491101 47.65 
 Treatment 2 2012 45737705 23997066 52.46 
 Control 3 2012 44662392 23720129 53.10 
 Treatment 3 2012 46733111 23608591 50.51 
 Control 4 2012 40503742 21404703 52.84 
 Treatment 4 2012 49310043 26027862 52.78 
Elevated temperature Control 1 2012 46171065 24266755 52.55 
 Treatment 1 2012 44501881 23319288 42.40 
 Control 2 2012 44444615 22939625 51.61 
 Treatment 2 2012 42427179 23004748 54.22 
 Control 3 2012 51402680 27259093 53.03 
 Treatment 3 2012 53211882 28625448 53.79 
 Control 4 2012 44111559 23506792 53.28 
 Treatment 4 2012 47995804 25520011 53.17 
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Table 3.4.  Treatment effect comparison between differentially expressed genes obtained with and without duplicate reads.  
The MapMan expression tool (Thimm et al., 2004) was used to identify functional categories whose genes collectively had a similar 
expression profile in response to the indicated abiotic stress.  A p-value <0.05 indicates a response that was significantly different 
from the expression profile of all other functional categories. 
   Duplicates  No duplicates  Abiotic 
stress 
Bin 
code Bin name (functional category) 
Number of 
genes p-value 
Number of 
genes p-value 
Drought 27.3.25 RNA.regulation of transcription.MYB domain transcription factor family 87 1.54E-10 92 3.70E-11 
 27.3 RNA.regulation of transcription 340 4.88E-06 326 2.17E-06 
 30.2 signalling.receptor kinases 74 7.28E-06 74 2.17E-06 
 34.99 transport.misc 69 1.37E-05 64 3.22E-05 
 30.2.17 signalling.receptor kinases.DUF 26 30 4.36E-02 31 1.78E-02 
 26.1 misc.cytochrome P450 23 4.36E-02 19 2.09E-02 
       Elevated 
[O3] 
20.1.7 stress.biotic.PR-proteins 67 1.69E-06 65 1.69E-10 
 20.1 stress.biotic 79 1.69E-06 76 3.59E-10 
 28.1 DNA.synthesis/chromatin structure 58 9.21E-04 60 9.81E-04 
 26.1 misc.cytochrome P450 18 9.31E-04 21 1.00E+00 
 27.3.32 
RNA.regulation of transcription.WRKY domain transcription 
factor family 10 8.94E-03 12 6.34E-02 
 27.3.37 
RNA.regulation of transcription.AS2,Lateral Organ Boundaries 
Gene Family 10 9.45E-03 10 9.56E-03 
 27.3.11 RNA.regulation of transcription.C2H2 zinc finger family 21 1.19E-02 17 5.58E-02 
 27.3 RNA.regulation of transcription 378 3.26E-02 356 9.56E-03 
       Elevated 
temperature 30.2 signalling.receptor kinases 193 9.85E-09 162 2.01E-05 
 31.3 cell.cycle 38 8.53E-05 33 8.13E-03 
 10.6 cell wall.degradation 30 2.48E-04 29 1.85E-03 
 30.2.17 signalling.receptor kinases.DUF 26 75 3.19E-04 61 9.89E-02 
 1.1 PS.lightreaction 26 4.35E-04 19 6.12E-02 
 31.1 cell.organisation 96 1.37E-03 94 7.91E-02  
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Table 3.4. (cont.) 
   Duplicates  No duplicates  Abiotic 
stress 
Bin 
code Bin name (functional category) 
Number of 
genes p-value 
Number of 
genes p-value 
 27.3.25 
RNA.regulation of transcription.MYB domain transcription 
factor family 83 1.92E-03 60 2.01E-05 
 10.6.3 cell wall.degradation.pectate lyases and polygalacturonases 22 4.23E-03 17 5.26E-02 
 16.2 secondary metabolism.phenylpropanoids 52 6.86E-03 46 4.98E-03 
 30.2.3 signalling.receptor kinases.leucine rich repeat III 30 1.51E-02 25 4.04E-02 
 29.2 protein.synthesis 34 1.60E-02 32 4.49E-02 
 28.1 DNA.synthesis/chromatin structure 85 2.07E-02 74 9.63E-04 
 29.5.1 protein.degradation.subtilases 18 4.31E-02 17 5.57E-02 
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Table 3.5.  Genes with the highest transcript abundance in the seed coat.  The average normalized abundance (ln-uq value) of all 
control replicates was used to rank the most abundant genes for each abiotic stress.  None of these genes were differentially expressed 
(p<0.05) in response to any of the abiotic stress treatments. 
  
Drought 
  
Elevated [O3]  
Elevated temperature 
Function Gene ID log2 FC p-value 
Abundance 
rank 
log2 FC p-value 
Abundance 
rank 
log2 FC p-value 
Abundance 
rank 
Cupin family (storage protein) Glyma20g28650 -0.095 0.236 1 -0.040 0.730 4 -0.249 0.138 11 
Cupin family (storage protein) Glyma20g28660 -0.095 0.236 2 -0.040 0.730 5 -0.249 0.138 12 
Cupin family (storage protein) Glyma10g39150 -0.086 0.260 3 -0.044 0.653 3 -0.242 0.118 10 
PR-protein Glyma16g29216 0.069 0.421 4 -0.046 0.378 10 -0.112 0.159 2 
Subtilase (protein degradation) Glyma06g02500 0.012 0.419 5 -0.011 0.608 1 0.012 0.391 1 
Peroxidase Glyma17g01720 0.003 0.798 7 0.010 0.111 2 -0.023 0.306 3 
Pectinacetylesterase family 
protein 
Glyma16g17150 -0.009 0.377 9 0.039 0.073 6 -0.079 0.082 8 
Cysteine-type peptidase (protein 
degradation) 
Glyma06g42780 -0.008 0.785 14 0.026 0.053 8 -0.028 0.080 5 
Peroxidase Glyma07g39020 0.000 0.617 16 0.006 0.118 7 -0.015 0.461 4 
Pectinacetylesterase family 
protein 
Glyma16g17120 -0.007 0.461 18 0.037 0.061 9 -0.067 0.080 14 
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Table 3.6.  Highly expressed seed coat genes showing the largest increase in response to 
abiotic stress.  All genes were in the upper quartile, by rank, for both abundance and increased 
log2 fold-change.  
 
Abiotic stress Function Gene ID log2 FC p-value 
Drought O-methyltransferase Glyma20g31600 0.330 0.019 
 
Small heat shock protein Glyma19g01440 0.182 0.011 
 
Pectinmethylesterase  Glyma13g17570 0.171 0.029 
 
Pectinmethylesterase Glyma17g04940 0.156 0.044 
 
Plastocyanin-like domain protein Glyma12g35411 0.151 0.006 
 
Leucoanthocyanidin dioxygenase Glyma01g42350 0.128 0.007 
 
GDSL-motif lipase Glyma08g21340 0.127 0.001 
     
Elevated [O3] Ubiquitin-protein ligase Glyma07g31630 0.136 0.005 
 
Ubiquitin-protein ligase Glyma13g24810 0.113 0.008 
 
Xyloglucan endo-transglycosylase Glyma08g42250 0.110 0.002 
 
Ankyrin repeat family protein Glyma15g09401 0.103 0.002 
 
GTP binding protein Glyma07g11420 0.101 0.003 
 
Peroxidase Glyma17g20450 0.098 0.006 
     
Elevated temperature MLP-like protein Glyma02g03680 0.208 0.038 
 
GMC oxidoreductase Glyma17g14130 0.187 0.048 
 
Gibberelin-regulated protein Glyma13g04530 0.170 0.028 
 
Cytochrome P450 Glyma07g04470 0.170 0.036 
 
Glycosyl hydrolase Glyma10g40293 0.169 0.044 
 
Glycosyl hydrolase Glyma10g40300 0.163 0.041 
 
Peroxidase Glyma10g36690 0.145 0.038 
 
Calcium-transporting ATPase Glyma05g30905 0.142 0.030 
 
Ubiquitin-protein ligase Glyma12g02460 0.141 0.040 
 
Gibberelin-regulated protein Glyma19g01590 0.138 0.027 
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Table 3.7.  Differentially expressed genes involved with protein-related processes.  The 
number and percent of genes differentially expressed in each protein process subcategory in 
response to each abiotic stress treatment. 
 
 
 Drought Elevated [O3] Elevated temperature 
Protein processes 
subcategories Genes % increased Genes % increased Genes % increased 
Amino acid activation 3 33.3 12 16.7 6 50.0 
Assembly and cofactor 
ligation 5 40.0 5 0.0 4 25.0 
Degradation 98 72.5 149 67.8 242 57.4 
Folding 6 16.7 18 5.6 8 0.0 
Glycosylation 5 60.0 9 33.3 11 45.5 
Posttranslational modification 107 77.6 122 73.0 229 60.7 
Synthesis 14 50.0 38 7.9 34 29.4 
Targeting 16 50.0 29 31.0 22 50.0 
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Table 3.8.  Whole plot and node level yield data for each abiotic stress.  Seed yield from whole-plots was determined at maturity 
(R8) in the drought and elevated temperature treatments.  In 2011 the drought yield was obtained by harvesting all plants within 4, 1 
meter rows per plot, giving a sampling area of 1.542 m2.  In 2012 the elevated temperature yield was obtained by harvesting all plants 
inside a single 1 m row per plot, giving a sampling area of 0.762 m2.  Final yield for the elevated [O3] plots were derived from the 
dose-response to O3 of soybean (cv. 93B15; Betzelberger et al., 2012) based on season-long 8-h average for control and elevated [O3] 
plots.  Values represent the mean ± the standard error.  PPN = pods per node; d.f. = degrees of freedom from each pod per node data set. 
 
 
 
 
 
 
 
 
 
‡ = significant based on optimal α analysis.  Optimal α values for the pod per node data were analyzed according to Mudge et al., 
(2012).  This method minimizes the average of Type I and Type II errors, therefore minimizing the overall error rate.  This method 
avoids unnecessarily high rates of Type II error and is appropriate in studies where Type I and Type II errors are considered to have 
equal importance (Mudge et al., 2012).  Degrees of freedom were taken from each data set (drought, elevated [O3] and elevated 
temperature) and Cohen’s ƒ2 were input into R (ver. 3.0.2; www.r-project.org) using code provided by Mudge et al., (2012).  Cohen’s 
ƒ2 of 0.35 was chosen a priori based on previous literature (Cohen, 1988; Lock et al., 2013).  Based on the degrees of freedom from 
each data set the traditional optimal α value to analyze the pod per node data was higher than the standard α = 0.05.  
Treatment Ambient Yield (g m-2) 
Treatment 
Yield 
(g m-2) 
% Yield 
Decrease  
Ambient 
PPN 
Treatment 
PPN 
PPN 
p-value 
PPN 
d.f. 
Optimal 
α 
Optimal 
β 
Drought 337.69 ± 15.89 251.75± 34.02 25.44 3.37 ± 0.27 2.67 ± 0.12 0.181‡ 2 0.38 0.40 
          
Elevated [O3] 301.62 209.77 30.45 3.43 ± 0.20 2.76 ± 0.15 0.120‡ 3 0.33 0.39 
          
Elevated 
Temperature 373.59 ± 15.24 297.18 ± 17.92 20.45 3.28 ± 0.20 2.99 ± 0.06 0.144‡ 3 0.33 0.39 
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Table 3.9.  Transcript abundance changes of genes related to acid invertase and sucrose 
synthase. Asterisks indicate log2-ln-uq fold-change values in the upper quartile of all genes with 
increased transcript abundance for each treatment.  All other genes are in the median quartiles. 
 
 
 
  
Abiotic stress Gene annotation 
Arabidopsis 
homologue 
Soy gene ID 
log2-ln-
uq FC 
Drought 
Acid invertase (sink 
strength) 
At1g62660 Glyma06g47640 0.182* 
     
Elevated [O3] 
Sucrose synthase (sink 
strength) 
At1g73370 Glyma03g05800 0.082 
     
Elevated 
Temperature 
Acid invertase (sink 
strength) 
At1g55120 Glyma17g34570 0.102 
  
At1g62660 Glyma06g47640 0.170* 
  
At1g62660 Glyma09g36580 0.125 
  
At1g62660 Glyma12g00780 0.105 
  
At2g36190 Glyma01g15883 0.151* 
  
At2g36190 Glyma20g03553 0.134* 
  
At2g36190 Glyma20g03620 0.124 
  
At2g36190 Glyma20g03640 0.093 
  
At3g52600 Glyma20g03580 0.137* 
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Figure 3.1.  FastQC analyasis of Illumina 100nt single-end read sequencing file. (a) Per base quality score. (b) Per sequence 
quality score. (c) Sequence length distribution. (d) Sequence duplication levels.  Plots are from one sequencing file and are 
representative of all sequencing data. 
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Figure 3.2.  Representative examples of per base gene expression across a transcript.  Wiggle plots are transcript-specific, single-nucleotide resolution 
coverage plots which quantify the number of times an individual nucleotide has been mapped along a single transcript.  For each library, an overlay of the 
pairwise comparison of treatment and control was done; each plot represents a comparison of nucleotide counts (y-axis) at each base pair position along a single 
transcript (x-axis) between the treatment and control for each biological replicate.  (a) & (b) represent genes shown to be overexpressed in the treatment 
compared to the control.  (c) & (d) represent genes shown to have equal expression in the control and treatment.  Areas in blue represent nucleotide counts for the 
treatment along the transcript, areas in red represent nucleotide counts for the control along the transcript, and areas in purple represent nucleotide counts along 
the transcript that overlap between the treatment and control.  
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Figure 3.3.  Bland-Altman (BA) plots for different normalization strategies. (a) ln-med-apn, (b) ln-rpkm, (c) ln-tc-apn, (d) ln-uq-apn, (e) ln-uq. 
Representative examples presented include the pairwise comparison of two biological replicates of the drought treatment (Block 1 versus Block 3).  The x-axis 
represents the range of mean values for each gene, while the y-axis is the difference in variance between the two biological replicates (-2 to 2).  An ideal BA plot 
shows a decreasing variance with increasing mean value (McIntyre et al., 2011), depicting a typical ‘rocket’ shape.  In these plots, the variance decreases most as 
gene count increases for the (e) ln-uq normalization.  Count transformations were performed based on the following calculations (ln, natural log; med, median 
count value; apn, average count per nucleotide; rpkm, reads per kilo base per million; tc, total counts; uq, upper quartile). 
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Figure 3.4.  qRT-PCR correlations with RPKM and ln-uq normalized RNA-Seq data. The 
log2 of each fold change (treatment/control) was used to center transcript abundance changes on 
zero.  
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Figure 3.5.  Abiotic stress-mediated changes in abundance of seed coat transcripts.  All 
genes demonstrating a significant (p<0.05) increase (red) or decrease (blue) in transcript 
abundance in (a) drought, (b) elevated [O3] and (c) elevated temperature. The number of genes 
demonstrating an increase in transcript abundance in drought, elevated [O3] and elevated 
temperature was 1,684 (71.3%), 1,646 (54.6%) and 2,830 (60.0%), respectively.  
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Figure 3.6. Functional group comparison of differentially expressed genes in response to 
abiotic stress.  Each chart includes the percent of genes annotated as members of the listed 
functional groups that are significantly (p<0.05) increased and decreased in transcript abundance 
in response to (a) drought, (b) elevated [O3] and (c) elevated temperature.  The total number of 
genes significantly changing in each treatment is indicated below each chart. 
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Figure 3.7.  Conserved gene family responses across all three abiotic stresses. Significant 
transcript abundance changes (log2-ln-uq) for (a) WRKY and (b) MYB transcription factor 
genes.  For each soybean gene, the corresponding Arabidopsis homologue is also reported.  
Boxes represent soybean genes grouped based on similarity to Arabidopsis that had increased 
transcript abundance all three treatments.  
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Figure 3.8.  Survey of seed coat expressed receptor-like kinase (RLK) genes with increased transcript abundance.  All genes 
included have an RLK domain organization that consists of an extracellular domain, followed by a single transmembrane domain and 
a cytosolic kinase domain, as characterized by the InterPro protein sequence analysis tool (http://www.ebi.ac.uk/interpro/).  The 
percentages of each sub-type of RLK gene are based on motif differences within the extracellular domain.  A total of 37 drought-
responsive, 26 elevated [O3]-responsive and 101 elevated temperature-responsive RLK genes are included.  Domain similarities for 
the “Other” category include, 1ConA-like, 2wall associated galacturonan binding, 3glycoside hydrolase, 4LysM, 5Malectin and 6No 
known similarities.
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Figure 3.9.  The effects of abiotic stress on primary metabolism. (a-c) Light saturated carbon 
assimilation rate (A), (d-f) stomatal conductance (gs,) and (g-i) foliar total non-structural 
carbohydrate content (TNC) of soybeans grown in season-long drought (a, d, g), elevated [O3] 
(b, e, h) and elevated temperature (c, f, i) conditions.  A and gs measurements were taken on 
different days for ozone and temperature treatments and different year for drought treatment.  
This was done in order to capture the proper development stage.  Light level for A and gs 
measurements for drought treatment was 1900 µmol m-2s-1, for ozone 1650 µmol m-2s-1 and for 
temperature 450 µmol m-2s-1 (due to cloudy day conditions). Asterisks represent significance (* 
p<0.05, ** p<0.01, *** p<0.001).  
70 
 
 
Figure 3.10.  Carbohydrate gradient along the leaf petiole.  TNC content of the petiole 
lengths at three positions along the petiole (leaf adjacent, middle and stem adjacent) for (a) 
drought, (b) elevated [O3] and (c) elevated temperature.  Different letters represent significant 
differences at p<0.05.   
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Figure 3.11.  Maintenance of sink strength during pod-fill.  Hexose and sucrose content in the 
seed coat and cotyledon tissues for (a) ambient and elevated [O3], and (b) ambient and elevated 
temperature.  Sucrose:hexose was calculated as the ratio between seed coat sucrose and 
cotyledon hexose content and is not significantly different for either stress treatment.  
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CHAPTER IV: TRANSCRIPTIONAL PROFILES OF OZONE STRESS IN SOYBEAN 
FLOWERS, PODS AND LEAVES 
 
Abstract 
Tropospheric ozone (O3) is a secondary air pollutant and an important anthropogenic greenhouse 
gas.  Soybean (Glycine max L. Merr.) is the world’s most important legume crop and is sensitive 
to O3.  Current ground-level O3 concentrations ([O3]) are estimated to reduce global soybean 
yields by 6% to 16%.  In order to understand the transcriptional mechanisms of yield loss in 
soybean, we examined the transcriptome of soybean flower and pod tissue exposed to elevated 
[O3].  RNA-Sequencing analysis revealed that elevated [O3] elicited a strong transcriptional 
response in flower and pod tissue.  Flower tissues responded to elevated [O3] by increasing 
expression of genes encoding matrix metalloproteinases (MMPs), zinc- and calcium-dependent 
endopeptidases that have roles in programmed cell death, senescence and stress response in 
plants.  Pod tissues responded to elevated [O3] by increasing expression of receptor-like kinase 
(RLK) and cell expansion genes.  There was also an increase in transcript abundance of several 
HAESA-like genes, which along with xyloglucan endotransglucosylase/hydrolase genes may be 
involved with increased pod dehiscence in elevated [O3].  When comparing leaf transcriptional 
responses to [O3] with flower and pod responses, genes involved with post-translational 
modification, protein degradation, cell wall modification, and ATP hydrolysis coupled proton 
transport were all significantly changing.  This study established that gene expression in 
reproductive tissues of soybean are impacted by elevated [O3] and flowers and pods have more 
distinct than similar transcriptomic responses to elevated [O3]. 
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Background 
Tropospheric ozone (O3) is a harmful air pollutant that can cause damage to both human health 
and plant productivity.  Current O3 concentrations ([O3]) are estimated to cost $14 to $26 billion 
in global crop economic losses (Van Dingenen et al., 2009) and severely impact human health, 
accounting for an estimated 0.7 million deaths per year (Anenberg et al., 2010).  Ozone in the 
troposphere is formed through the photochemical oxidation of volatile organic compounds 
(VOCs), carbon monoxide and methane in the presence of nitrogen oxides (NOx) (The Royal 
Society, 2008).  Tropospheric [O3] have increased since the Industrial Revolution and are 
projected to increase by ~25% by 2100 in the Northern Hemisphere if current high emission 
rates continue (IPCC, 2013).  Current [O3] already regionally exceed levels that damage crops, 
especially those that are sensitive to the pollutant, such as soybean (Glycine max) (Emberson et 
al., 2009). 
When taken up by plants, O3 is converted into other reactive oxygen species (ROS), which 
can cause direct necrotic damage, or induce the signaling pathways that lead to programmed cell 
death if [O3] are high enough (Kangasjarvi et al., 2005).  Additionally, O3 has damaging effects 
on photosynthetic carbon assimilation, light saturated photosynthesis (Asat) and stomatal 
conductance (Ainsworth et al., 2012a).  In addition to the well-described leaf-level effects, O3 
negatively impacts plant fitness through effects on reproductive development (Black et al., 
2000).  The effects of elevated [O3] on reproductive organs can be mediated through reduced 
carbon allocation from source tissues, or through direct effects on reproductive tissues (Black et 
al., 2000; Ashmore, 2005).  Ozone has significant negative effects on seed number and size, as 
well as fruit number and size when compared to plants grown in charcoal-filtered, O3-free air 
(Leisner & Ainsworth, 2012).  However, elevated [O3] do not significantly alter inflorescence 
number, flower weight or flower number (Leisner & Ainsworth, 2012); this indicates that O3 
effects on transcription in different reproductive tissues may be distinct.  A similar, tissue-
specific effect of O3 was observed in field-grown soybean, where elevated [O3] reduced pod 
number, but did not affect flower production (Fig. 4.1).  This indicates that genetic responses to 
elevated [O3] also may differ in soybean flowers compared to pod tissues. 
Soybeans have naturally high levels of floral and pod loss, and subsequent seed loss is 
greatest when stress occurs during flower and early pod development (Liu et al., 2003).  Studies 
have found that flower and pod abscission can range from 32 to 82% in soybean (van Schaik & 
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Probst, 1958; Hansen & Shibles, 1978; Wiebold et al., 1981), but this varies considerably with 
location on the plant (Hansen & Shibles, 1978; Huff & Dybing, 1980; Weibold et al., 1981), 
location in the canopy (Heindl & Brun, 1984), source-sink relations (Brun & Betts, 1984), 
hormone levels (Carlson et al., 1987; Nagel et al., 2001; Liu et al., 2003), shade (Jiang & Egli, 
1993) and water status (Westgate & Peterson, 1993; Kokubun et al., 2001; Liu et al., 2003).  
However, the genetic controls of flower and pod abscission in soybean are largely unknown, and 
the effects of elevated [O3] on the transcriptome of flower and pod tissues has not been 
investigated. 
 Global gene expression profiling furthers understanding of how complex environmental 
variables affect the transcriptome of crop species.  Many studies have examined transcriptome-
wide expression changes in soybean leaves and roots exposed to drought (Komatsu et al., 2009; 
Stolf-Moreira et al., 2011; Le et al., 2012), flooding (Nanjo et al., 2011) and iron stress 
(O’Rourke et al., 2009).  While previous studies have investigated changes in transcript 
abundance to elevated [O3] (Kangasjarvi et al., 1994; Sharma & Davis, 1994; Sharma et al., 
1996; Eckey-Kaltenbach et al., 1997; Miller et al., 1999; Mahalingam et al., 2003; Tamaoki et 
al., 2003; Baier et al., 2005; Kangasjarvi et al., 2005; Gillespie et al., 2012), no studies have 
addressed the global effects of O3 on the transcriptome of reproductive tissues in soybean.  Next-
generation sequencing technology allows examination of changes to the entire transcriptome and 
will help interpret the complex phenotype that underpins O3 response in plants.  By investigating 
how elevated [O3] affects the transcriptome of reproductive tissues, we can begin to understand 
the distinct responses in different tissues and identify potential targets for improving tolerance. 
 The tissue-specific effects of O3 on pod number and flower production indicated that the 
genetic response to elevated [O3] may be different in soybean flowers and pods.  Therefore, in 
this study, the transcriptome of flower and pod tissue from chamber-grown soybean plants at 
ambient (<20 ppb) and elevated (150 ppb) [O3] was investigated.  Both flower and pod tissues 
had significant transcriptomic responses to elevated [O3] and while 4,703 transcripts were 
responsive in both tissues to elevated [O3], most of those transcripts did not change in the same 
direction or at the same magnitude in flowers and pods.  When the transcriptome of leaf tissue 
exposed to O3 was compared, several overlapping stress responses were identified among leaf, 
flower and pod tissues.  The functional analyses and gene-level responses are discussed for both 
the overlapping and distinct O3 responses in vegetative and reproductive tissues. 
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Methods 
Growth chamber experimental design and conditions 
Soybean (Glycine max L. Merr. cv. 93B15; Pioneer Hi-Breed) was grown in ambient air (<20 
ppb) and elevated ozone (150 ppb) in 14h/10h day/night schedules under PPFD of ~650-750 
µmol m-2 s-1; RH 60%; 25°C day/21°C night conditions in 8 growth chambers (Conviron, 
Winnipeg, Manitoba, Canada).  Soybean plants were grown in 6-L pots (Classic C600, Nursery 
Supplies, Chambersburg PA, USA) in sterilized soil (LC-1 Sunshine Mix (SunGro Horticulture 
Canada Ltd, Bellevue, WA, USA)) and treated with 50% Long Ashton solution supplemented 
with 3 mM NH4NO3 (Hewitt, 1966).  Two seeds were planted per pot ~4 cm below the soil 
surface and then thinned to one plant per pot once seeds successfully germinated.  A total of 12 
plants were grown per chamber in a randomized complete block design (n=4).  Plants were 
rotated among chambers once a week and within chambers every two days to minimize chamber 
effects. 
 
Tissue sampling and molecular analyses 
Tissue sampling for RNA was done during R2 (full bloom) and R4 (full pod) for growth 
chamber grown plants.  Plants were considered at full bloom when there was an open flower at 
one of the first two uppermost nodes with a fully expanded leaf.  Plants were considered at full 
pod when there was a pod 2 cm in length present on one of the four uppermost nodes with a fully 
expanded leaf.  At each stage the appropriate tissue was sampled (full open flowers at R2 and 
initiating pods at R4).  Sampling was done at the nodes 2-4 (from the top of the plant) in order to 
avoid compensation and senescence effects on the lower and uppermost nodes.  Tissue from four 
plants was sampled per developmental stage per block.  Immediately after collection flower and 
pod tissue was plunged into liquid N and stored at -80ºC.  Flower or pod tissue was ground to a 
fine power using a mortar and pestle.  
Total RNA was extracted from ground tissue using PureLink Plant RNA Reagent (Ambion, 
by Life Technologies Corp., Grand Island, NY, USA) according to the manufacturer’s protocol.  
RNA quantity was determined with a spectrophotometer (Nanodrop 1000, Thermo Fischer 
Scientific, Waltham, MA, USA) and RNA quality was assessed using the Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) on an RNA Nano chip.  Genomic 
DNA contamination was removed from RNA samples using Turbo DNase treatment (Applied 
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Biosystems/Ambion, Austin, TX, USA) according to the manufacturer’s protocol.  cDNA library 
preparation was done using the Illumnina TruSeq Sample Prep kits (Illumina Inc. San Diego, 
CA, USA).  Each library fragment was barcoded during library preparation and multiplexed for 
sequencing.  Tissue samples per block (4 subsamples) were pooled for a total of 8 libraries 
prepared for each tissue (16 libraries total). 
 
RNA-sequencing (RNA-seq), bioinformatics and statistical analysis 
Sequencing was done at the Roy J. Carver Biotechnology Center using the Illumina Genome 
HiSeq 2000 (Illumina Inc. San Diego, CA, USA, http://www.illumina.com) and Cassava pipeline 
1.8 to obtain 100nt single-end reads.  Samples were sequenced in groups of 4 across 4 lanes and 
generated ~ 31-63 million reads per sample.  All FASTQ files from all sequencing runs are 
located in the Small Read Archive (http://www.ncbi.nlm.nih.gov/sra), SRP035871, BioProject 
number PRJNA236472.  Quality control for reads generated from sequencing was performed 
using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Sequenced reads 
were aligned to the soybean reference genome (Gmax_189.fa, www.phytozome.net) using 
Bowtie (Langmead et al., 2009).  All valid alignments per read were reported allowing up to 
three mismatches.  Alignment summary statistics are presented in Additional file 4.  Aligned 
sequence reads and a list of genomic features (Gmax_189_gene.gff3, www.phytozome.net) were 
input into HTSeq to generate read counts using the htseq-count and –m union options.  These 
counts were then input into SAS (SAS Institute, Version 9.2, Cary, NC, USA) for normalization 
and statistical analysis.  Genes with counts of 10 or less were removed from all subsequent 
statistical analyses.  Read counts were normalized using the natural log of the upper quartiles 
(ln_uq; Bullard et al., 2010; Dillies et al., 2012).  All count data can be found in Additional file 5 
and 6.  Differential gene expression was determined using a mixed effects linear model Yijkl= 
m+ti+γj+ρk+ɛijkl.  Y is the normalized estimate of the expression for the fixed effect of condition (i = 
treatment/control), the random effect of block (j=1,2,3,4) and the random effect of lane (k=1,2,3,4).  The 
assumptions of normality were tested using the Shapiro-Wilk test (Shapiro & Wilk, 1965) for 
each gene.  Analyses were conducted in SAS (SAS Institute, Version 9.2, Cary, NC, USA).   
 
Comparison of reproductive and vegetative tissue transcriptomic data 
Microarray data of soybean leaf tissue exposed to elevated [O3] (Gillespie et al., 2012) was 
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utilized to perform a comparison between the effects of elevated [O3] on the transcriptome of 
vegetative versus reproductive tissue.  This study exposed soybean plants (Glycine max cv. 
93B15) to elevated [O3] (8-h [O3] of 82.5 ppb) at the SoyFACE facility located near Champaign, 
IL.  A microarray analysis was performed on soybean leaves exposed to elevated [O3] and 
ambient or elevated carbon dioxide concentrations ([CO2]), and then a principle component 
analysis (PCA) was used to find genes that were significantly correlated with these 
environmental variables.  Results of the PCA analysis indicated that 2,421 leaf transcripts were 
significantly correlated with elevated [O3] (PC1O3) in ambient [CO2] (Gillespie et al., 2012).  
The Affymetrix gene identifiers assigned to each transcript were converted to current soybean 
genome contig identifiers using the SoyBASE Affymetrix GeneChip soybean genome array 
annotation search (www.soybase.org/AffyChip/).  In total, 2,034 leaf transcripts had known 
contig identifiers for the current soybean genome and were included in the analysis.  Leaf 
transcripts that were negatively correlated with PC1O3 (negative slope) were considered to 
decrease in abundance with elevated [O3] and those with a positive correlation (positive slope) 
were considered to increase in abundance with elevated [O3].  Differentially expressed genes (p 
<0.05) in vegetative (2,034) and reproductive tissue (flower and pod, 14,337) were compared 
and the overlapping genes were used for all subsequent analysis.  To analyze if O3 responses to 
genes differentially expressed in both vegetative and reproductive tissue affected a larger 
proportion of genes in a particular functional category a Wilcoxon rank-sum test was performed 
in MapMan (Usadel et al., 2005).  This tests whether the average response of a functional group 
is different from the average response of all other functional groups (Usadel et al., 2005).  The 
Wilcoxon rank-sum test statistic is the sum of the ranks for observations from a single functional 
category and the probability is calculated using the distribution of the rank sum.  A p-value < 
0.05 was considered a significant overrepresentation of a functional category. 
 
Results and Discussion 
Overlapping effects of elevated [O3] on the transcriptome of flower and pod tissue in soybean 
Flower and pod development in soybean are sensitive to environmental variables (Mann & 
Jaworski, 1970; Sionet & Kramer, 1977; Westgate & Peterson, 1993; Kokubun et al., 2001), yet 
little is known about the genes underpinning stress response in different reproductive tissues.  To 
understand the overlapping effects of elevated [O3] on reproductive tissues, the transcriptome of 
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flower and pod tissues was compared using RNA-Seq.  Our analysis showed that the range of 
potential responses to elevated [O3] in flowers and pods was similar (Fig. 4.2), with elevated [O3] 
causing differential gene expression of 14,996 genes in flower tissue and 12,661genes in pod 
tissue (p < 0.05) (Fig. 4.3).  Of those genes, 4,703 were differentially expressed in both flower 
and pod tissues (p < 0.05).  When those genes were grouped into functional bins, only 13 of 34 
potential groups had genes with an average log2 fold-change in the same direction in both flower 
and pod tissue (Fig. 4.4).  In flower tissue, 24 of the functional groups showed a positive average 
log2 fold-change, while 23 of the functional groups in pod tissue showed a negative average log2 
fold-change (Fig. 4.4).  At the gene level, 983 of the 4,703 genes had a positive log2 fold-change 
in both flower and pod tissue, while 978 had a negative log2 fold-change in both tissues (Fig. 
4.5). 
 Previous gene network analyses of plant O3 stress responses revealed that transcriptional 
regulation, signal transduction, redox control, senescence, transport, defense, protein turnover 
and metabolism were major biological process involved in plant response to O3 stress 
(Ludwikow & Sadowski, 2008).  In flower and pod tissues, transcripts involved in glycolysis, 
oxidative pentose phosphate (OPP) pathway, tricarboxylic acid (TCA) cycle, mitochondrial 
electron transport, cell wall, lipid metabolism, nitrogen metabolism, sulphur metabolism, metal 
handling, stress, signaling, and transport showed the same average directional response to 
elevated [O3] in both flowers and pods (Fig. 4.4, 4.5).  The functional group with the largest 
average log2 fold-change was the stress group (Fig. 4.4).  There were 85 stress genes that had a 
positive log2 fold-change in both flower and pod tissues.  Of those, the top 5 genes in terms of 
average positive log2 fold-change were related to nutrient storage (cupin; Glyma16g00980) and 
protein binding, specifically leucine-rich repeat (LRR) proteins (Glyma16g31415, 
Glyma16g31600, Glyma16g30410, Glyma16g30950).  Of the 422 genes that fell approximately 
on the 1:1 line in Fig. 4.5, 28% of those genes were related to protein and RNA processing (Fig. 
4.5), indicating that these are broad functional groups involved in stress response in reproductive 
tissues.   
 
Distinct effects of elevated [O3] on the transcriptome of flower and pod tissue in soybean 
The majority of genes differentially expressed in both flower and pod tissue had a fold-change 
opposite of one another (58%; 2,742 genes) (Fig. 4.5), indicating that soybean flowers and pods 
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had distinct transcriptomic responses to elevated [O3].  In flower tissue, the genes with the 
greatest increase in abundance in response to elevated [O3] included matrix metalloproteinase 
(MMP) genes and genes related to hormone metabolism and stress (Table 4.2).  Genes annotated 
as MMPs also had high mean expression, along with highest increase in abundance in response 
to O3 in flower tissue (Fig. 4.2).  While little is known about their role in soybean flower tissues, 
in other tissues MMPs function in degradation of the extracellular matrix (ECM) in response to 
senescence, stress and programmed cell death (Pak et al., 1997; Delorme et al., 2000; Liu et al., 
2001; Combier et al., 2007).  Domain analysis indicated that 5 of the 8 differentially expressed 
genes annotated as MMPs had both a cysteine switch domain and a zinc-binding domain, both of 
which are required for characterization as a MMP (Fig. 4.6; Jiang & Bond, 1992; Bode et al., 
1993; Hooper, 1994).  Those genes with both required domains were termed putative soybean 
flower MMP genes.  
The putative MMP gene Glyma02g03301 had two cysteine switch domains and zinc-binding 
domains, which was unique compared to the other putative flower MMP genes.  The two copies 
of the cysteine switch and zinc-biding domain sequences were identical to one another, 
suggesting this gene was possibly duplicated.  All putative flower MMP genes had a signal 
peptide and transmembrane domain, with the exception of Glyma02g03250 (Fig. 4.6; Table 4.3).  
Several of the putative flower MMP genes contained a GPI-anchor modification site, which was 
similar to 3 Arabidopsis MMP genes, At2-MMP, At4-MMP, At5-MMP (Maidment et al., 1999), 
and the known soybean MMP gene GmMMP2 (referred to as Gm2-MMP; Liu et al., 2001) (Fig. 
4.6).  None of the putative flower MMP genes or known soybean genes (Gm2-MMP or SMEP1 
(Graham et al., 1991; McGeehan et al., 1992; Pak et al., 1997)) contained a furin cleavage site, 
which was present in several Arabidopsis MMP genes.  When amino acid sequence similarity 
identity was compared between all putative flower MMP genes and Gm2-MMP, little homology 
between the flower MMP and leaf MMP genes was found (data not shown).  All putative flower 
MMP genes had an E (glutamate) to Q (glutamine) residue substitution in the zinc-binding motif 
of the catalytic domain, which has been identified in other legume species (Combier et al., 2007).  
Work on mammalian MMPs has found the glutamate residue is required for functional protease 
activity (Rowsell et al., 2002), putting into question the role of these legume MMP-like 
molecules as functional extracellular matrix (ECM) proteases.  However, work in Medicago 
truncatula indicates a functional role for proteolytically-inactive MMPs in biotic stress response 
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(Combier et al., 2007).   
The primary point of contact of O3 within plant cells occurs in the ECM, where antioxidant 
metabolism begins to protect cells from ROS damage (Ranieri et al., 2003; Baier et al., 2005).  
Stress-responsive signaling pathways, including jasmonic acid, salicylic acid and ethylene-
dependent redox signaling are all triggered by the redox sensing that occurs in the ECM (Baier et 
al., 2005).  While further testing is needed, localization of MMPs in the ECM makes them 
potentially involved in ROS perception and downstream redox signaling pathways.  Induction of 
the soybean MMP gene Gm2-MMP paralleled the release of reactive oxygen radicals during 
pathogenic infection (Liu et al., 2001), possibly linking ROS signaling and MMP gene 
expression in soybean.  Analysis of Arabidopsis MMP gene expression using Genevestigator, an 
online platform for gene expression data analysis, found At3-MMP was significantly up-
regulated in response to O3 treatment, with a slight up-regulation in At2-MMP in response to O3 
(Flinn, 2008).  While the putative MMP genes are present in high relative abundance in flower 
tissues exposed to elevated [O3], analysis of the expression profiles of the putative MMP genes 
in soybean using RNA-Seq Atlas (http://soybase.org/soyseq/) found that these genes were 
present in low abundance in various soybean tissues.  Therefore, it is hypothesized that the 
putative MMP genes identified in this study may represent a distinct flower response to O3 stress 
in soybean. 
 In pod tissue, development, calcium signaling, cell wall modification and receptor-kinase 
genes showed the greatest increase in abundance in response to elevated [O3] (Table 4.4).  Eight 
of the top 25 genes with the largest positive log2 fold-change in pod tissue had no known 
annotation, indicating possible unknown mechanisms to O3 response in pod tissue.  Gene 
ontology (GO) enrichment analysis of biological processes was performed for genes 
differentially expressed only in pod tissue.  Regulation of protein kinase activity, protein amino 
acid phosphorylation and innate immune responses were enriched in pod tissue (Fig. 4.7).  These 
activities are known to increase in plants in response to both abiotic and biotic stress (Afzal et 
al., 2008; ten Hove et al., 2011; Greef et al., 2012; Tanaka et al., 2012; Zhang et al., 2013; Yang 
et al., 2014), and the possibility that O3 stress co-opts pathways involved in biotic stress response 
has been previously proposed (Babosha, 2008; Wrzaczek et al., 2010; Osakabe et al., 2013).  
Additional analysis of protein kinase activity showed increased abundance of receptor-like 
kinase (RLK) genes in pod tissue exposed to elevated [O3] (Fig. 4.8).  Receptor-like cytoplasmic 
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kinases, domain of unknown function (DUF26) kinases, S-locus kinases, wall-associated kinases 
(WAK) and thaumatin-like receptor kinases all had a strong positive log2 fold-change in pod 
tissue (Fig. 4.8).  This was consistent with transcriptomic analysis of the soybean seed coat, 
which found that transcripts encoding LRR, bulb-lectin containing S-receptor-like and cysteine-
rich (DUF26) RLKs had increased abundance in response to drought, elevated temperature and 
elevated [O3] (Chapter 3).   
Several HAESA-like genes (Glyma07g32230 and Glyma13g36990) were also differentially 
expressed in pod tissue.  These leucine-rich repeat (LRR) RLK genes (formerly named RLK5) 
control floral organ abscission in Arabidopsis (Jinn et al., 2000) by regulating the gene 
expression of several cell wall remodeling genes, including xyloglucan 
endotransglucosylase/hydrolase (XTH) (Kumpf et al., 2013), which also showed increased 
abundance in pod tissue exposed to elevated [O3] (Table 4.4).  XTH is a well-known cell wall-
modifying enzyme that improved abiotic stress tolerance when overexpressed in Arabidopsis 
(Cho et al., 2006).  HAESA-like genes (Glyma07g32230 and Glyma13g36990) are expressed at 
similar levels in pods across three stages of development, based on expression profiles available 
in the soybean RNA-Seq Atlas (http://soybase.org/soyseq/).  The moderate increase in HAESA-
like gene expression we observed is therefore unlikely caused by developmental changes and 
may be a specific response to O3 in pod tissues.  Due to the similarity of flower abscission and 
pod dehiscence zone (Jinn et al., 2000) and the known response of RLKs to oxidative (Wrzaczek 
et al., 2010) and biotic stress (Lehti-Shiu et al., 2009), it is hypothesized that HAESA-like genes 
may play a role in pod dehiscence in soybean exposed to elevated [O3]. 
 
Overlapping O3 response genes in vegetative and reproductive tissue in soybean 
In order to identify genes that were sensitive to O3 in both vegetative and reproductive tissues, 
the transcriptomic response of these tissues to elevated [O3] was compared.  Leaf transcriptomic 
data of soybean plants exposed to elevated [O3] from Gillespie et al., (2012) was compared with 
the transcriptomic response of reproductive tissues exposed to elevated [O3] in this study.  In 
total, 524 genes were significantly differentially expressed in both vegetative and reproductive 
tissue (Fig. 4.9).  Of those, 103 genes decreased in abundance in both vegetative and 
reproductive tissue (compared to ambient [O3]) and 208 genes increased in abundance in both 
tissues.  To analyze if O3 responses to genes differentially expressed in both vegetative and 
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reproductive tissue affected a larger proportion of genes in a particular functional category, a 
Wilcoxon rank-sum test was performed.  This test revealed that cell wall modification, 
transcriptional regulation and protein degradation were overrepresented functional groups 
changing in elevated [O3] in vegetative and reproductive tissues (Table 4.5).  Elevated [O3] 
decreased the abundance of genes related to transcriptional regulation, but increased the 
abundance of genes related to cell wall synthesis and protein degradation (Table 4.5).  This trend 
was also observed when genes were ranked by fold-change; genes related to cell wall 
modification and protein modification had the largest positive log2 fold-change in response to 
elevated [O3] (Table 4.6), while genes with the largest negative log2 fold-change were related 
transcriptional regulation (Table 4.7).  GO term enrichment analysis indicated that protein 
complex assembly and ATP hydrolysis coupled proton transport were enriched in the 
overlapping gene list (Fig. 4.10), and genes in these functional groups increased in abundance in 
response to elevated [O3].  This indicates that regardless of tissue type (leaf, flower or pod), 
elevated [O3] increases abundance of genes related to cell wall synthesis, protein folding and 
post-translational modification and ATP hydrolysis coupled proton transport, and decreases 
abundance of genes related to transcriptional regulation.   
 Abiotic stress is a known modifier of cell walls (Degenhardt & Gimmler, 2000; Cheong et 
al., 2002; Ellis et al., 2002; Bray, 2004; Verslues et al., 2006; Bhushan et al., 2007; Jung et al., 
2008) and cell wall modification can confer tolerance to certain stress conditions (Zhang et al., 
2000; Cho et al., 2006; Asselbergh et al., 2007).  Previous research has focused on the effects of 
abiotic or biotic stress on cell wall modification in leaves and roots, but there is little information 
about the effects of stress in reproductive tissues.  Here it is shown that genes related to cell wall 
modification are present and changing in flower and pod tissues exposed to elevated [O3] in a 
way that is consistent with the leaf response.   
 Changes in protein degradation, transcriptional regulation and post-translational modification 
are well-characterized responses to stress in plants (Vierstra, 1993; Goldberg, 2003; 
Mazzucotelli et al., 2008).  Free-radicals increased after stress and can damage proteins, which 
can result in proteolysis (Veirstra, 1993; Goldberg, 2003).  Due to the oxidative nature of O3, it is 
not surprising that genes associated with protein degradation were increased in abundance in 
both vegetative and reproductive tissues.  Additionally, post-transcriptional mechanisms underlie 
transcriptome response to stress, while post-translational stress responses regulate activation of 
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molecules already existing within a cell (Mazzucotelil et al., 2008).  While transcription factors 
are quite prevalent in the stress transcriptome of many plants (Mahalingam et al., 2003; 
Mazzucotelli et al., 2008), including the soybean seed coat (Chapter 3), post-translational 
modification was the most prevalent stress response to O3 in leaf, flower and pod tissues of 
soybean according to functional group analysis.  Protein kinases were also among the genes with 
largest positive log2 fold-change in response to elevated [O3] in both vegetative and reproductive 
tissues (Table 4.6).   
 ATP hydrolysis coupled proton transport (H+-ATPase) is sensitive to heavy metal stress 
(Shen et al., 2005; Janicka-Russak et al., 2008), salt stress (Binzel, 1995; Ballesteros et al., 1996; 
Low & Rausch, 1996; Klobus & Janicka-Russak, 2004), light conditions (Harms et al., 1994), 
dehydration (Surowy & Boyer, 1991) and externally applied hormones (Frias et al., 1996).  In 
soybean, both vegetative and reproductive tissues showed an increase in transcript abundance in 
H+-ATPase transport genes in response to elevated [O3], which may be a response to oxidative 
damage to the cell membrane system.  Regulation of H+-ATPase activity is known to occur at the 
genomic level, but previous work showed activity is also regulated through post-translational 
modification, mainly reversible phosphorylation (Schaller & Sussman, 1988; Portillo, 2000).  
The conserved changes in both kinase and H+-ATPase expression in both vegetative and 
reproductive tissues in response to elevated [O3] may be needed to preserve membrane integrity. 
 
Conclusion 
Soybean is an O3-sensitive crop, with current tropospheric [O3] costing billions of dollars in lost 
production annually.  In this study, it was established that gene expression in reproductive tissues 
in soybean is altered by elevated [O3].  There were 4,703 transcripts responsive to elevated [O3] 
in both flower and pod tissues, yet those genes did not respond consistently in the two tissues.  
This indicates that reproductive tissues have more distinct than similar transcriptomic responses 
to elevated [O3].  Flower tissues responded to elevated [O3] through increased expression of 
MMP genes.  It was notable that these flower MMP genes may not be proteolytically active 
based on amino acid composition, but they clearly respond to O3 stress.  Pod tissues responded to 
elevated [O3] through increased expression of RLK and cell expansion genes.  The increased 
transcript abundance of several HAESA-like genes, along with XTH genes supports a role of 
these genes in pod dehiscence in soybean exposed to elevated [O3].  
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TABLES AND FIGURES 
 
Table 4.1.  Summary statistics for each FASTQ file aligned to the soybean reference 
genome.  The alignment statistics generated from Bowtie are presented in this table. 
 
Treatment Tissue Replicate Total Reads 
Reads 
Aligned 
(Bowtie) 
Reads 
Failed to 
Align 
(Bowtie) 
Control Flower 1 47074876 32536378 14538498 
Ozone Flower 1 43450568 29219245 14231323 
Control Flower 2 31732387 19888810 11843577 
Ozone Flower 2 37890303 25567314 12322989 
Control Flower 3 36922987 24366434 12556553 
Ozone Flower 3 55455297 36950628 18504669 
Control Flower 4 36650396 24615450 12034946 
Ozone Flower 4 50142261 31117217 19025044 
Control Pod 1 32179582 20809724 11369858 
Ozone Pod 1 50104192 34361241 15742951 
Control Pod 2 43110160 28354201 14755959 
Ozone Pod 2 39144705 26476814 12667891 
Control Pod 3 63350532 43679202 19671330 
Ozone Pod 3 29515055 19272642 10242413 
Control Pod 4 47773610 32389776 15383834 
Ozone Pod 4 49501945 38309568 11192377 
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Table 4.2.  List of genes with top 25 highest positive log2 fold-change values in flower tissue.  
‘NA’ indicated genes not assigned an annotation.  Fold-change values represent ln_uq 
normalized read counts. 
 
Gene p-
value 
Log2 fold-
change 
Functional 
Group 
Description 
Glyma02g03265 0.007 0.71 Protein Matrixin family protein 
Glyma02g03335 0.001 0.70 Protein Matrix metalloproteinase 
Glyma12g33960 0.025 0.68 NA NA 
Glyma12g07230 0.043 0.67 Stress Disease resistance-responsive 
(dirigent-like protein) family 
protein 
Glyma01g04370 <0.001 0.65 Protein Matrixin family protein 
Glyma0420s50 <0.001 0.64 Protein Matrix metalloproteinase 
Glyma19g45015 0.008 0.56 Hormone 
metabolism 
2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase superfamily 
protein 
Glyma19g38211 <0.001 0.51 Development NAC domain containing protein 
61 
Glyma07g18481 0.008 0.50 NA NA 
Glyma16g01990 <0.001 0.50 Hormone 
metabolism 
2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase superfamily 
protein 
Glyma08g21321 <0.001 0.49 Protein Leucine-rich repeat 
transmembrane protein kinase 
protein 
Glyma03g36610 0.014 0.49 Miscellaneous Peroxidase superfamily protein 
Glyma05g00771 0.033 0.48 Miscellaneous Protein of unknown function, 
DUF538 
Glyma06g41571 0.026 0.48 NA NA 
Glyma02g03280 <0.001 0.48 NA NA 
Glyma20g26991 0.005 0.47 RNA Basic helix-loop-helix (bHLH) 
DNA-binding superfamily protein 
Glyma14g02230 0.011 0.46 NA NA 
Glyma12g31250 0.001 0.45 NA NA 
Glyma12g02410 <0.001 0.44 Miscellaneous Glycosyl hydrolase superfamily 
protein 
Glyma06g41591 0.034 0.43 NA NA 
Glyma11g35670 0.022 0.42 Stress Polyketide cyclase/dehydrase and 
lipid transport superfamily protein 
Glyma02g03320 <0.001 0.42 Protein Matrixin family protein 
Glyma06g05130 0.015 0.42 NA NA 
Glyma11g14121 0.014 0.41 NA NA 
Glyma07g32650 0.003 0.41 Protein Cysteine proteinases superfamily 
protein 
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Table 4.3.  Domain analysis of putative MMP genes found in flower tissue.  The general structure (domain analysis) of all members of the Arabidopsis MMP 
family (At1-MMP to At5-MMP), and the two known soybean MMPs (SMEP1 and GmMMP2) was found in Flinn, 2008.  Domain analysis of the putative MMP 
genes found in flower tissue in our dataset was also completed to compare with known MMP genes.  The protein sequence for each gene in our data set was 
determined using the Phytozome database (http://www.phytozome.net/) and the amino acid length and the presence of a signal peptide, transmembrane and 
catalytic domain was analyzed using InterPro (https://www.ebi.ac.uk/interpro/).  The signal peptide cleavage site and C-terminal transmembrane domain were 
also analyzed using the predictive software program SignalP 4.1 (Petersen et al., 2011; http://www.cbs.dtu.dk/services/SignalP/) and Localizome 
(http://localodom.kobic.re.kr/LocaloDom/), respectively.  The presence of a furin cleavage site was analyzed using the predictive software ProP 1.0 
(http://www.cbs.dtu.dk/services/ProP/) and the presence of a GPI anchor domain was analyzed using the predictive software big-PI Plant Predictor 
(http://mendel.imp.ac.at/gpi/plant_server.html).  The cysteine switch and zinc-binding motifs of putative soybean flower MMP genes were determined using 
sequence alignment with known Arabidopsis and soybean MMP genes and generated using PRALINE (Simossis & Heringa, 2005; 
http://www.ibi.vu.nl/programs/pralinewww/).  Percent identity of amino acid sequence analysis was performed Network Protein Sequence Analysis (http://npsa-
pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_server.html) (Combet et al., 2000). Modification sites (signal cleavage and GPI-anchor) are predicted to 
occur between the given locations of the residues in the amino acid sequence shown in the table.  The domain of the GPI-anchor modification is also given and 
predicted to occur at one of the two bolded and underlined residues.  The putative soybean MMP gene Glyma02g03301 has two cysteine switch motifs and two 
zinc-binding motifs, which is indicated in the table. 
Gene Length (AA) 
Signal 
peptide 
length 
(InterPro) 
Signal 
peptide 
cleavage site 
(SignalP 4.1 ) 
Cysteine 
switch motif 
Furin 
cleavage site 
(ProP 1.0) 
Catalytic 
domain 
(InterPro) 
Zinc-binding 
domain motif 
GPI-anchor 
modification site  
GPI-anchor 
modification 
domain (big-PI) 
Transmembr
ane domain 
(Localizome) 
Glyma02g03250 386 1 to 24 24,25 IRCGVPD NO 197 to 379 HQIGHLLGLD NO n/a NO 
Glyma02g03301 759 1 to 24 24,25 IRCGVPD (2) NO 187 to 356; 465 to 713 HQIGHLLGLD (2) 731,732 NSH DS 739 to 758 
Glyma02g03320 388 1 to 24 24,25 LRCGVPD NO 147 to 333 HQIGHLLGLD 360,361 NSH DS 368 to 386 
Glyma02g03230 393 1 to 25 23,24 IRCGVPD NO 164 to 348 HQIGHLLGLE 365,366 NSH DS 375 to 392 
Glyma01g04370 340 1 to 23 23,24 PRCAVPD NO 121-310 HQIGHLLGLD 312,314 QQY ANGN 321 to 339 
Glyma02g03335 168 1 to 28 28,29 NO NO 63 to 141 NO NO n/a NO 
Glyma0420s50 161 NO NO NO NO 63 TO 138 HQIGHLLGLD NO n/a NO 
Glyam02g03265 149 NO NO PRCGVPD NO 28 to 168 NO NO n/a NO 
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Table 4.4.  List of genes with top 25 highest positive log2 fold-change values in pod tissue.  
‘NA’ indicated genes not assigned an annotation.  Fold-change values represent ln_uq 
normalized read counts. 
 
Gene p-
value 
Log2 fold-
change 
Functional 
Group 
Description 
Glyma13g39160 0.017 0.97 Development NAM protein 
Glyma10g26183 0.015 0.94 NA NA 
Glyma12g31150 0.002 0.92 Development NAM protein 
Glyma01g03005 <0.001 0.88 NA NA 
Glyma06g40330 0.005 0.82 Signaling Calcium-binding EF-hand family 
protein 
Glyma18g18921 0.011 0.76 NA NA 
Glyma11g35376 0.015 0.73 Protein Protein tyrosine kinase 
Glyma05g28280 0.014 0.73 NA NA 
Glyma11g18680 0.020 0.72 NA NA 
Glyma07g10440 0.007 0.71 Signaling Calmodulin binding protein-like 
Glyma11g35348 0.047 0.70 Protein Protein tyrosine kinase 
Glyma17g07220 0.001 0.70 Cell wall Xyloglucan 
endotransglucosylase/hydrolase 
family protein 
Glyma09g31450 <0.001 0.69 Signaling Calmodulin binding protein-like 
Glyma18g03053 0.002 0.69 Protein Protein tyrosine kinase 
Glyma08g07900 <0.001 0.69 Miscellaneous DNAJ-like 20 
Glyma09g37150 0.001 0.68 Signaling Calcium-binding EF-hand family 
protein 
Glyma05g31800 0.001 0.68 RNA WRKY DNA-binding protein 51 
Glyma04g10730 0.003 0.68 NA NA 
Glyma12g09900 0.013 0.67 NA NA 
Glyma13g01131 0.001 0.66 Cell wall Xyloglucan endotransglycosylase 6 
Glyma06g11700 0.001 0.66 RNA AP2-domain transcription factor 
Glyma13g29880 <0.001 0.65 NA NA 
Glyma13g01120 <0.001 0.64 Cell wall Xyloglucan endotransglycosylase 6 
Glyma17g07260 0.001 0.63 Cell wall Xyloglucan endotransglycosylase 6 
Glyma17g07240 0.001 0.63 Cell wall Xyloglucan endotransglycosylase 6 
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Table 4.5.  Results of Wilcoxon Rank Sum test on overlapping genes between vegetative 
and reproductive tissue.  Wilcoxon Rank Sum test performed using MapMan indicates 
functional groups significantly overrepresented in the data set.  All significant functional groups 
are presented in the table.  Direction indicates if the majority of genes in that bin have a positive 
(increased abundance compared to ambient [O3]) or negative (decreased in abundance compared 
to ambient [O3]) log2 fold-change.  Major functional group headings are bolded while 
subheadings are not. 
 
Functional Group p-value Abundance 
Cell wall 0.00 Increased 
Cellulose synthesis 0.03 Increased 
Precursor synthesis 0.03 Increased 
   
Hormone metabolism 0.03 Decreased 
   
Miscellaneous 0.05 Increased 
Beta 1,3 glucan hydrolases 0.04 Increased 
Short chain dehydrogenase/reductase (SDR) 0.03 Decreased 
UDP glucosyl and glucoronyl transferases 0.02 Increased 
   
RNA 0.00 Decreased 
Regulation of transcription 0.00 Decreased 
Regulation of transcription.bHLH,Basic 
Helix-Loop-Helix family 
0.04 Decreased 
Regulation of transcription.C3H zinc finger 
family 
0.02 Decreased 
   
Secondary metabolism.phenylpropanoids 0.03 Decreased 
   
Signaling.light 0.05 Decreased 
Receptor kinases.misc 0.03 Decreased 
   
Stress.abiotic.heat 0.04 Decreased 
   
Protein.degradation.ubiquitin.E3.SCF 0.06 Increased 
Degradation.ubiquitin.E3.SCF.FBOX 0.06 Increased 
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Table 4.6.  List of top 25 genes overlapping between vegetative and reproductive tissue with 
the largest increase in transcript abundance in elevated [O3] compared to ambient [O3]. 
‘NA’ indicated genes not assigned an annotation. 
 
Gene  Functional Group Description 
Glyma03g42250 Hormone metabolism Ethylene synthesis 
Glyma06g01460 Lipid metabolism Fatty acid synthesis 
Glyma12g07270 NA NA 
Glyma11g01050 NA NA 
Glyma15g09560 Lipid metabolism GDSL-like Lipase/Acylhydrolase 
Glyma17g34921 NA NA 
Glyma10g04110 NA NA 
Glyma14g00830 Cell wall Cell wall protein 
Glyma15g10180 Miscellaneous Cytochrome P450 
Glyma17g11060 Miscellaneous UDP glucosyl and glucoronyl transferase 
Glyma09g40980 Protein Protein tyrosine kinase 
Glyma05g04270 Miscellaneous Multicopper oxidase 
Glyma18g52860 Carbohydrate 
metabolism 
Glucan 1,3-beta-glucosidase-related 
Glyma05g21820 NA NA 
Glyma17g12880 Signaling Leucine-rich repeat receptor-like kinase 
Glyma03g29260 NA NA 
Glyma09g36740 Miscellaneous NAD dependent epimerase/dehydratase family 
Glyma03g37560 Miscellaneous UDP glucosyl and glucoronyl transferase 
Glyma05g21930 NA NA 
Glyma0041s0028
0 
NA NA 
Glyma05g32100 Cell wall Cellulose synthesis 
Glyma09g41650 Miscellaneous NAD dependent epimerase/dehydratase family 
Glyma08g11350 Protein Protein kinase domain 
Glyma20g01640 Protein Ubiquitination 
Glyma10g40690 NA NA 
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Table 4.7.  List of top 25 genes overlapping between vegetative and reproductive tissue with 
the largest decrease in transcript abundance in elevated [O3] compared to ambient [O3].  
‘NA’ indicated genes not assigned an annotation. 
 
Gene Functional Group Description 
Glyma01g04930 Protein Protein kinase domain 
Glyma18g03231 NA NA 
Glyma09g00360 Signaling RhoGAP domain 
Glyma06g17940 Protein AAA+-type ATPase 
Glyma06g02880 RNA GAGA binding protein-like family 
Glyma15g02400 Glycolysis Phosphofructokinase 
Glyma03g40100 Transporter Sugar (and other) transporter 
Glyma12g02490 Development GRAS family transcription factor 
Glyma06g46642 RNA Transcription factor TFIID complex 
Glyma08g48255 Transporter Sugar (and other) transporter 
Glyma13g35250 Protein Ubiquitination 
Glyma16g06850 OPP Glucose-6-phosphate 1-dehydrogenase 
Glyma04g05260 NA NA 
Glyma03g38020 RNA MYB domain 
Glyma20g35900 NA NA 
Glyma12g01905 RNA Zinc finger C-x8-C-x5-C-x3-H type 
Glyma12g05570 RNA B-box zinc finger 
Glyma03g08270 NA NA 
Glyma14g39520 NA NA 
Glyma19g02355 Protein Protein kinase domain 
Glyma04g43310 RNA PHD-finger 
Glyma13g42990 Glycolysis Phosphofructokinase 
Glyma06g07953 Protein Protein of unknown function (DUF1644) 
Glyma19g30025 NA NA 
Glyma03g27030 Stress Molecular chaperone (DnaJ superfamily) 
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Figure 4.1.  The effect of O3 on the number of flowers and pods per node in field-grown soybean.  (a) Linear regression of the 
average number of pods per node for soybean plants grown under eight [O3] at the SoyFACE facility 
(http://www.igb.illinois.edu/soyface/) near Champaign, Illinois in 2009 and 2010.  Experimental design, planting conditions, 
meteorological data and harvesting methods are found in Betzelberger et al., (2012).  (b) Average flower number per node between for 
soybean plants grown under ambient conditions (44 ppb) and exposed to daytime elevated [O3] (100 ppb) at the SoyFACE facility in 
2011.  Flower number per node was monitored daily for five plants per control and elevated [O3] plot (n = 2 for control, n=4 for 
elevated [O3]). 
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Figure 4.2.  Comparison of differential gene expression in flower and pod tissue under 
elevated [O3].  The log2 fold-change for all genes differentially expressed in flower and pod 
tissue (p < 0.05) was plotted against the mean expression value for that gene (average transcript 
abundance between control and ozone).  Black circles represent genes differentially expressed in 
flower tissue and red circles represent genes differentially expressed in pod tissue.  Green 
triangles represent MMP genes differentially expressed in flower tissue.  Reference line 
represents a log2 fold-change of zero.  Values above the reference line are genes increased in 
abundance compared to ambient [O3] and values below the reference line are genes decreased in 
abundance compared to ambient [O3].  
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Figure 4.3.  Genes differentially expressed in both flower and pod tissue to elevated [O3].  
All genes represented in the Venn diagram are significantly differentially expressed in response 
elevated [O3] (p <0.05).  Genes represented in the green circle are only differentially expressed 
in flower tissue; genes represented in the purple circle are only differentially expressed in pod 
tissue, and; genes represented in the overlap of the two circles are differentially expressed in both 
tissues. 
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Figure 4.4.  Analysis of genes differentially expressed in both flower and pod tissue at the level of functional group.  All genes 
present are significantly differentially expressed under elevated [O3] in both tissues (p < 0.05).  Black bars represent flower tissue and 
red bars represent pod tissue.  A positive log2 fold-change indicates functional groups with increased abundance (on average) in 
elevated [O3] compared to ambient [O3], while a negative log2 fold-change indicates functional groups with decreased abundance (on 
average) in elevated [O3] compared to ambient [O3]. 
95 
 
 
 
Figure 4.5.  Analysis of genes differentially expressed in both flower and pod tissue at the 
gene level. Genes located in 1 of 4 quadrants represent direction of gene expression (increased or 
decreased abundance in elevated [O3]) in flower or pod tissue.  Functional groups are represented 
by different symbols/colors.  The 1:1 line represents genes that have the same direction of fold-
change in flower and pod tissue.  All genes present are significantly differentially expressed 
under elevated [O3] in both tissues (p < 0.05).   
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Figure 4.6.  Domain analysis of plant matrix metalloproteinase (MMP) genes.  General 
structure of known plant MMPs and putative MMPs identified in soybean flower tissue, with 
relevant domains identified and color-coded.  The cysteine switch and zinc binding domain 
sequence motifs are shown for all genes (when present).  The E to Q residue substitution in the 
zinc-binding motif of the catalytic domain is indicated in red. 
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Figure 4.7.  Gene ontology (GO) term enrichment of biological processes in pod tissue only.  GO term enrichment performed 
using single enrichment analysis (SEA) tool on AgriGo (http://bioinfo.cau.edu.cn/agriGO/).   
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Figure 4.8.  Receptor-like kinase genes differentially expressed only in pod tissue under 
elevated [O3].  Each box represents a unique transcript encoding a protein.  Boxes are located 
next to, or above, their corresponding receptor-like kinase.  Genes that have no significant 
change in abundance in pod tissue are depicted in white, genes with increasing abundance under 
elevated [O3] are shown as increasingly intense red, and genes with decreasing abundance under 
elevated [O3] are shown as increasingly blue.  The scale bar saturates at a log2 fold-change of +/- 
0.3.  Model of each receptor-like kinase is derived from MapMan (Shiu et al., 2001; Thimm et 
al., 2004). 
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Figure 4.9.  Overlapping genes between vegetative and reproductive tissue in soybean 
plants exposed to elevated [O3].  All genes represented in the Venn diagram are significantly 
differentially expressed in response elevated [O3] (p <0.05).  Genes represented in the green 
circle are only differentially expressed in reproductive tissue; genes represented in the red circle 
are only differentially expressed in vegetative tissue, and; genes represented in the overlap of the 
two circles are differentially expressed in both tissues. 
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Figure 4.10.  Gene ontology (GO) term enrichment of biological processes in genes 
overlapping between vegetative and reproductive tissues.  Biological terms with increasing 
overrepresentation in the data set are represented by increasingly red colors.  GO term 
enrichment was performed using single enrichment analysis (SEA) tool on AgriGo 
(http://bioinfo.cau.edu.cn/agriGO/).    
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CHAPTER V: CONCLUDING REMARKS 
The unequivocal warming of the earth’s climate system has led to observed changes that are 
unprecedented in recent decades to millennia (IPCC, 2013).  Climate changes associated with 
anthropogenic increases in greenhouse gas emissions have led to sea level rise, a decrease in the 
extent of snow and ice, and a warming of the atmosphere and ocean.  These observed changes in 
the climate system are also expected to alter agronomic growing conditions.  Gradual growing 
season temperature changes have had a measurable impact on corn and soybean yields (Lobell & 
Asner, 2013), and projected changes in growing season precipitation and [O3] are predicted to 
further impact agricultural production.  These climate change impacts on agricultural production, 
coupled with diminishing returns on advances in technology-based crop management practices, 
limit the ability of many regions of the world to achieve the necessary gains in food production 
needed to meet future food demand (Lobell & Asner, 2003).  Because of this, understanding crop 
responses to climate change and how these translate into yield loss is of critical importance.  
Reproductive organs provide the economic value for most major commodity crops, yet much of 
the current research on climate change effects on crop yield has focused on leaf-level processes.  
Therefore, the aim of my thesis is to better understand the physiological, molecular and genetic 
basis for the effects of rising temperature, rising [O3] and drought stress on soybean reproductive 
development and ultimately yield. 
 Much research has investigated the effects of elevated [O3] on forest and crop productivity, 
and recent meta-analyses have quantified how current and future [O3] impact forest and crop 
photosynthesis, growth and production.  However, there have not been efforts to directly 
quantify the effects of O3 on reproductive processes and development.  Therefore, in Chapter 2, 
data from 127 peer-reviewed articles published from 1968 to 2010 describing the effects of O3 
on reproductive growth and development were analyzed using meta-analytic techniques.  Current 
ambient [O3] significantly decreased seed number (-16%), fruit number (-9%) and fruit weight (-
22%) compared to charcoal-filtered air.  In addition, pollen germination and tube growth were 
decreased by elevated [O3] compared to charcoal-filtered air.  Relative to ambient air, fumigation 
with elevated [O3] between 70 and 100 ppb decreased yield by 27% and individual seed weight 
by 18%.  In contrast, elevated [O3] did not impact the number of flowers or inflorescences 
produced by plants, suggesting that there may be distinct responses to elevated [O3] in different 
reproductive tissues.  This observation was tested in more detail in Chapter 4.  In summary, 
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Chapter 2 provided evidence that detrimental effects of O3 on reproductive growth and 
development are compromising current crop yields and the fitness of native plant species. 
 Harvest index and individual seed weight in soybean are decreased by growth in elevated 
[O3] (Betzelberger et al., 2012).  This decrease indicates a possible shift in the supply of carbon 
and nitrogen to developing seeds.  The seed coat connects photosynthesizing “source” leaves 
with “sink” tissue (the developing seeds), and it therefore has an important role in determining 
seed size, composition and overall yield.  Understanding the role of nutrient transport through the 
seed coat is a key factor in understanding the effects of abiotic stress on yield in soybean.  
Chapter 3 described a transcriptomics experiment completed at the SoyFACE facility in 2011 
and 2012.  Soybean plants were grown in natural production environments with altered 
temperature, precipitation or elevated [O3] predicted for the end of the century.  RNA-Seq was 
used to assess changes in gene expression in the seed coat, which plays an essential role in the 
metabolic control of seed production and yield determination in soybean.  The seed coat 
exhibited a significant transcriptomic response to drought, elevated temperature and elevated 
[O3], evidenced by a significant increase in abundance of WRKY and MYB transcription factors, 
receptor-like kinases and genes related to protein degradation and cell expansion.  At the level of 
gene family there was strong overlap between stresses, but there were distinct signaling 
responses to each abiotic stress at the individual gene level.  Although elevated temperature, 
drought and elevated [O3] decreased leaf photosynthetic C assimilation, transcript abundance of 
genes related to photoassimilate transport increased in all three abiotic stress treatments.  It is 
hypothesized that this direct response by the seed coat is a mechanism that maintains sink 
strength in the seed and ensures proper seed development under stress conditions. 
 The final objective of my research was to understand the gene expression patterns 
underpinning flower and pod loss in soybean exposed to elevated [O3].  Soybeans naturally have 
a high percentage of floral and pod loss, and subsequent seed loss is greatest when stress occurs 
during flower and early pod development.  However, the genetic controls of flower and pod 
abscission in soybean are largely unknown, and the effect of O3 on the transcriptome of flower 
and pod tissues has not been thoroughly investigated.  The aim of Chapter 4 was to use next-
generation sequencing to allow for better understanding of the genetic mechanisms controlling 
this response.  RNA-Sequencing analysis revealed that elevated [O3] elicited a strong 
transcriptional response in flower and pod tissue.  There were 4,703 transcripts responsive to O3 
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in both tissues, yet they did not respond consistently in the two tissues.  Flower tissues responded 
to elevated [O3] through increased expression of genes encoding matrix metalloproteinases 
(MMPs), proteins involved in remodeling the plant extracellular matrix.  Pod tissues responded 
to elevated [O3] through increased expression of receptor-like kinase (RLK) and cell expansion 
genes.  The increased transcript abundance of several HAESA-like genes, along with xyloglucan 
endotransglucosylase/hydrolase genes indicates a role of these genes in pod dehiscence in 
soybean exposed to elevated [O3].  This chapter revealed that reproductive tissues in soybean 
have more distinct than similar transcriptomic responses to elevated [O3], but several functional 
categories were identified as conserved O3-responses in both vegetative and reproductive tissue 
in soybean.  Results from Chapter 4 revealed that reproductive tissues directly respond at the 
transcript level to elevated [O3], and the possible genetic changes underlying increased pod 
abscission in elevated [O3] in soybean. 
 In its entirety, my thesis furthered understanding of how future climate change conditions 
will impact the reproductive development of soybean, the world’s most widely planted legume 
crop.  In Chapter 2 I employed meta-analytic techniques to quantify the direct effects of O3 on 
reproductive development across experimental conditions, photosynthetic types, growth habits 
and flowering classes.  In Chapter 3 and 4 I used next-generation sequencing technology to begin 
to unravel the complex phenotypes that underpin crop responses to abiotic stress.  In these 
chapters I developed and implemented new bioinformatics techniques for sequence alignment 
and differential expression analysis that challenge analysis of polyploid genomes.  In comparing 
the results from Chapter 3 and Chapter 4, 888 genes were differentially expressed in these tissues 
in response to elevated [O3] (Fig. 5.1).  Of those genes, 376 had a fold-change in the same 
direction in both datasets.  The 376 genes (Appendix C) were enriched with functional categories 
related to stress (biotic and abiotic), signaling (including RLKs), regulation of transcription 
(including WRKY transcription factors), post-translational modification and sugar transport.  
These functional groups represent conserved stress responses in reproductive tissues to elevated 
[O3]. 
 Future alterations to our climate system will exacerbate abiotic stresses that already challenge 
crop production.  Thus, research attempting to unravel the complex phenotypes associated with 
crop responses to abiotic stress is needed to address these challenges.  My thesis showed that 
reproductive development is negatively affected by abiotic stress (Chapter 2), and that 
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reproductive organs in soybean  respond to stress at the biochemical, physiological and 
transcriptomic level (Chapter 3 and 4).  Results from Chapter 3 demonstrated that transcript 
abundance of nutrient transporters, cell wall invertase and sucrose synthase are increased in the 
seed coat, indicating a possible mechanism by which soybeans maintain sink strength in the seed 
coat during abiotic stress conditions.  Future work is needed to clarify how decreased source 
carbon is sensed by the seed coat when transport of assimilates through the petiole is not 
decreased under abiotic stress.  These findings may identify specific gene targets that when up-
regulated will allow for maintenance of sink strength under limiting source carbon conditions.  
Results from Chapter 4 further explore the transcriptomic response of soybean reproductive 
tissues to elevated [O3] and point to possible gene targets for improved O3 tolerance in soybean.  
This study indicates a possible role of MMPs in flower tissue responses to O3 and suggests 
HAESA-like genes are involved in pod abscission in soybean.  Future work is needed to 
determine if the putative soybean flower MMP genes are proteolytically active, and if pod 
abscission is mediated through a direct interaction of HAESA-like genes with cell-wall 
modifying genes such as XHT.  Understanding the genetic mechanisms underlying pod and 
flower loss in soybean would allow for a targeted genetic approach to decreasing flower and pod 
abscission, which could ultimately decrease abiotic stress yield losses in soybean.  
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Figure 5.1.  Genes differentially expressed in both seed coat, and flower and pod tissue to 
elevated [O3].  All genes represented in the Venn diagram are significantly differentially 
expressed in response elevated [O3] (p <0.05).  Genes represented in the purple circle are only 
differentially expressed in seed coat; genes represented in the blue circle are only differentially 
expressed in flower and pod tissue, and; genes represented in the overlap of the two circles are 
differentially expressed in both tissues. 
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APPENDIX B: LIST OF DIFFERENTIALLY EXPRESSED TRANSPORTER GENES BY 
ABIOTIC STRESS IN THE SOYBEAN SEED COAT 
 
This list of differentially expressed transporter genes presented in Chapter III may be found in a 
supplemental file name seedcoat_transporters.xlsx. 
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APPENDIX C: LIST OF GENES DIFFERENTIALLY EXPRESSED IN FLOWER, POD AND 
SEED COAT TISSUES IN SOYBEAN IN RESPONSE TO ELEVATED [O3] 
 
This list of differentially expressed genes presented in Chapter V may be found in a 
supplemental file name sc_pf_overlap.csv. 
